Organometallic platinum group metal complexes incorporating macrocyclic ligands by Bell, Michael Niall
Organometallic Platinum Group Metal Complexes 
Incorporating Macrocyclic Ligands 
by 
Michael N. Bell 
Thesis presented for the Degree of 
Doctor of Philosophy 
University of Edinburgh 
1987 
To Jacqueline and my family. 
Declaration 
I declare that, except where otherwise stated, the work presented in this thesis 
was conducted by myself from October 1984 until September 1987. It has not 
been submitted, in whole or in part, for any other degree. Certain of the 
results have already been published. 
Michael N. Bell 
Acknowledgements 
I would like to thank my supervisor, Dr. Martin Schrder, for his constant 
help, encouragement and enthusiasm throughout this work. MV thanks also to 
Dr. A.J.Blake for his time and invaluable help with the intricacies of X-ray 
crystallography. I am grateful to Dr. R.O.Gould for his assistance with the 
disorder model in the structure of [Os(L 3)(p-cym)](BPh 4)2.(CH3NO2), to 
Dr. P.Taylor for the structure solution of (Ru(L 1 )(p-cym)](BPh 4)2.(MeOH) and to 
Sandy, Bob, Paul and all of the Crystallography Group for many useful 
discussions. 
I am also grateful to Alan Holder and Miss Gillian Reid for synthesizing the 
ligands 1,4,7-triazacyclononane and 1,4-dithia-7,1O,13-trioxacvc lope ntadecane, 
respectively, and to Dr. Tim. Hyde for his help with the electrochemistry. My 
thanks to John Millar for his instruction on the use of the 1 H and 31 P n.m.r. 
instruments and to John, Miss Heather Grant and Dr. David Reed for running 
various other n.m.r. spectra. In addition, I would like to thank Mrs. Elaine 
McDougall for performing the elemental analysis measurements. I am indebted 
to the University of Edinburgh for financial support and use of facilities, and to 
Johnson-Matthey for generous loans of platinum metals. 
Finally, I wish to express my gratitude to my other supervisor, Dr. Tony 
Stephenson, whose enthusiasm and dedication were a tremendous inspiration 
to me. His untimely death was a great personal blow, but I can only consider 
myself lucky to have known and worked with such a remarkable character. 
Abstract 
Chapter 1 
A brief survey of the chemistry of the chioro-bridged dimers [MCI2(arene)] 2 , 
(M = Ru, Os), and [MC12Cp*]2,  (M' = Rh, Ir), which were used as the starting 
materials for the generation of the mixed carbocyclic/macrocyclic complexes, is 
given. 
Chapter 2 
The synthesis and characterisation of an isoelectronic series of mixed sandwich 
macrocyclic/carbocyclic complexes [M(L 1 )(arene)] 2t (M = Ru, arene = C61 ­1 6 , 
4-MeC 6 H 4 1 Pr, C 6 Me 6; M = Os, arene = 4-MeC 6 H 4 Pr), and [M(L1)Cp*]2t  (M' = Rh, 
lr), incorporating the triaza macrocvclic ligand L 1 (L 1 = 1,4,7-triazacyclononane) 
are described. The single crystal X-ray structure of 
[Ru(L 1 )(4-MeC 6 H4 'Pr)](BPh 4) 2.MeOH shows the tridentate macrocycle bound to 
one octahedral face of the Ru(ll) ion and the p-cymene ligand occupying the 
other face. The formation of analogous complexes containing the trimethylated 
macrocycle L 2 (L2 = N,N',N"-trimethyl-1,4,7-triazacyclononane) is much more 
difficult and the steric interference of the additional methyl groups is proposed 
as the reason for the failure of some reactions. The single crystal X-ray 
structure of [Rh(L2)Cp*](PF6)2  shows that the methyl groups on the macrocycle 
project over the rhodium(Ill) centre to produce a distortion of the C 5 Me 5 ring. 
Chapter 3 
The synthesis and characterisation of mixed sandwich complexes 
[M(L3)(arene)] 2t (M= Ru, arene = C 6 Me6; M = Os, arene = 4-MeC6H 4 1 Pr), and 
[M(L3)Cp*]2t (M' = Rh, Ir), formed with the trithia macrocyclic ligand L3 
(L 3 = 1,4,7-trithiacyclononane) are described. The single crystal structure of 
[Os(L 3)(4-MeC 6 H4 'Pr)1(BPh 4 ) 2 .CH 3 NO 2 is reported. The ruthenium arene mixed 
sandwich complexes are unstable in the presence of L 3 and this provides a 
convenient route to the synthesis of the hexathia cation [Ru(L 3 ) 2 ] 2 . The single 
crystal X-ray structure of [Ru(L 3) 2 1(BPh 4 ) 2(dmso)2 shows an octahedral RuS 6 
cation with an unexpected inclusion of the two dmso solvent molecules into 
the rear cavity of the co-ordinated macrocycles. The single crystal structure of 
[Ru(L3) 2](BPh4)2(CH 3NO2)2 shows the same geometry of the cation but there is 
no similar secondary interaction with the solvent molecules presumably due to 
the planar nature of CH 31\102. The preparation of [Os(L 3) 2 ] 2 is discussed, along 
with the attempts to prepare [lr(L 3)2] 3 '. Cyclic voltammetry of [Rh(L3)Cp*]2+ 
shows a quasi-reversible couple at -1.29 V vs. Fc/Fc. 
Chapter 4 
The 	synthesis 	and 	characterisation 	of 	the 	binuclear 	complexes 
[M2(arene)2C12(L 4)]2t (M = Ru, arene = C6H6, 4-MeC0 4 Pr, C 6 Me 6; M = Os, arene 
= 4-MeC 6 H4 1 Pr), and (M2Cp*2Cl2(L4)]2f,  (M' = Rh, lr), formed with the hexathia 
ligand L4 (L4 = 1,4,7,10,13,16-hexathiacyclooctadecane) are described. Similar 
binuclear rhodium complexes are formed with macrocycles containing four thia 
donors, L5 (L5 = 1,4,8,1 1-tetrathiacyclotetradecane), six aza donors, L 6 
(L6 = 1,4,7,10,13,16-hexaazacyclooctadecane), and four thia and two aza donors, 
L7 (L7 = 1,4-dithia-7,10,13-trioxacyclopentadecane). The crystal structures of 
[Rh2Cp*2C12(L)](X)2, (L = L 4, L6, L7, X = BPh4; L = L 5, X = PF 6 ), are described 
and compared. 
Chapter 5 
The 	synthesis 	and 	characterisation 	of 	mono-nuclear 	complexes 
[M(L8)(arene)CI], (M = Ru, arene = C61 ­16, 4-MeC 6 H 4 1 Pr, C 6 Me 6; M = Os, arene = 
4-MeC 6 H 4 1 Pr), and [M(L8)Cp*Cl]+, (M' = Rh, Ir), formed with the mixed thia/oxa 
donor macrocyclic ligand L 8 (L8 = 1,4 -dithia -7,10,13-trioxacyclopentadecane) are 
desribed. The single crystal X-ray structures of [Ru(L 8)(4 - MeC6H4'Pr)CI](8ph 4 ) 
and [Rh(L8)Cp*ClJ(BPh4)  are reported. In addition to the soft thia donors that 
bind to the transition metal ions, the ionophore L 8 incorporates hard oxa 
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Chemistry 
CHAPTER 1 
A BRIEF SURVEY OF RUTHENIUM AND OSMIUM ARENE AND 
RHODIUM AND IRIDIUM PENTAMETHYLCYCLOPENTADIENYL CHEMISTRY 
1.1. Introduction 
The aim of the work described in this thesis was to incorporate macrocyclic 
ligands into platinum group metal systems that contained it-bound carbocyclic 
rings. The macrocycles studied were saturated sulphur and nitrogen analogues 
of the crown ethers, ranging from 9-membered 3-donor atom rings to 
18-membered 6-donor atom rings, see Figure 1.1. The chemistry of these 
ligands is discussed in the introductions to Chapters 2 to 5. The metal starting 
materials used were the chloro-bridged dimers (MCl 2 ( 6-arene)]2, (M = Ru, 
arene = C61-16, 4-MeC 6H 4 1 Pr, C 6Me5; M = Os, arene = 4-MeC61-1 4 1 Pr), and 
[MCl2Cp*]2, (M' = Rh, Ir; C p * = C 5Me 5), and, as an introduction to the reactivity 
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1.2. Ruthenium and Osmium Arene Complexes 
The chloro-bridged dimers of ruthenium and osmium, [MCI2(arene)] 2, are the 
starting points for the generation of an extensive range of complexes 
containing u-bound arenes 1 . The following section describes the synthesis  of 
these systems and their reactions with various ligands, leading to the formation 
of mononuclear, binuclear and cluster complexes. It should be noted that, 
despite the rich and varied chemistry of ruthenium and osmium, there is a 
paucity of macrocyclic complexes incorporating these metal ions, (see Sections 
2.1, 3.1, 4.1), and no report to date of any compounds containing both 
macrocyclic ligands and uT-bonded carbocyclic rings. 
1.2.1. Synthesis 
The reaction of purified "RuCI3.xH20" with a variety of substituted 
cyclohexadienes in ethanol gives dark red dimeric complexes of general 
formula [RuCl2(r1 6-arene)]2 [1] 2-4  These complexes, although initially believed 
to be polymeric 5, are now accepted as being binuclear in nature 24. The 
iodo-complex, (Rul2(C6H6)]2, was prepared by direct reaction of ethanolic RuC13 
with excess of Nal and 1,3-cyclohexadiene; the bromo-complex can not be 
generated using this method, but can be synthesized from RuBr34 . The 
preparation of the corresponding osmium dimers is more difficult, but an 
improved synthesis of [0sC1 2 ( 6-p-cym)] 2, involving reaction of Na20sC1 6 with 
c&-phellanderene (5-isopropyl-2-methylcyclohexa-1,4-diene), has been 
published by Maitlis and co-workers 6, and the dimeric nature of this complex 







M = Ru,Os 
[1] 
1.2.2. Mononuclear Complexes 
1.2.2.1. Lewis Bases 
The chloride bridges in (MC12( 6-arene)]2 are readily cleaved by Lewis 
bases, (L), giving rise to a wide range of monomeric species. If the reaction is 
carried out in non-polar media, (e.g dichioromethane), the ligand inserts into 
the vacant site created on the metal to give complexes of the type 
[M(ri 6-arene)C12(L)]. However, use of a polar solvent, (methanol, ethanol), 
induces loss of chloride ions and the monocationic complexes 
[M( 6-arene)CI(L)2] are formed, see Scheme 1.1. 
[M(orene)C( 2L] 
[MCI 2 Wend 2 	L 
 ~_solv [M(arene)C(L 2 ] + 
(np-solv. = non-polar solvent) 
(p-so!v. =polar solvent) 
Scheme 1.1. 
4 
Therefore, reaction with nitrogen donors, tertiary phosphines/phosph!tes, or 
carbon monoxide give mononuclear neutral 1:1 adducts 16,811  and also 1:2 
8,9,12 and 1:3 13,14  cationic complexes; e.g. ( 6-Os(p-cym)C1 2(L)J, (L = CO, 
CNMe 3, Me2SO, PMe3, PPh3, P(OPh)3 6) [Ru(ri 6 -arene)Cl(L)2]t (L = NH 3, pyridine 8, 
NH2NR2 14  PR3 10  CO 11;  L2 = 1,10-phen, 2,2'-bipy 15,16  en 14).  Under forcing 
conditions or longer reaction times, the arene may be displaced from the metal 
centre. The well known cation [Ru2Cl3(PMe 2 Ph) 6]" is formed when 
[RuCl2(1i 6-C6H6)]2 is refluxed with PMe 2 Ph for 8-12 hours 14  and the r16-arene 
can also be displaced by en 14  pyridine . However, the osmium p-cymene 
bond is much more inert and is not cleaved under similar conditions 6. There is 
also a report of an anionic monomeric complex, [Ru( 6-arene)CI31, produced 
by reaction of [RuCl2(ri 6-C6H6)]2 with CsCl/HCI 17 . 
1.2.2.2. Sulphur Donor Ligands 
The number of arene ruthenium complexes containing sulphur donors is 
relatively small. The reaction of excess aqueous NH4[S2PR2], (R = H, OMe, OEt), 
with [RuC'2( 71 gives the monomeric species [Ru(rl  (21 
whereas a strict 2:1 molar reacting ratio yields the monosubstituted product 
(Ru(ri 6-arene)Cl(S2PR2)] [31 (arene = C 6 H 6, R = Ph) 18,19.  The remaining chloride 
can be displaced by a variety of Lewis bases, L, to form 
[Ru( 6-C6H 6)L(S 2 pph 2)]", (L = PPh 3, PMe 2Pti, P(OMe) 3, SbPh 3, pyridine) 8 ' 19 . 
Reaction of [RuC12( 6-arene)] 2 with the more nucleophilic dithioacids, (S2CNR2] -  















The platinum complex NEt2H2EPt(S2CNEt2)(Ph2PS)21 acts as an unusual - 
bidentate sulphur donor ligand which cleaves the chioro-bridges of 
[MCI2(ri 6-arene)]2, (M = Ru, Os), to form hetero-binuclear complexes, 
(( 6-arene)MCl((SPPh2)2Pt(S2CNEt2)] [4] 20•  The chloride can be displaced by 
Lewis 	bases 	to 	yield 	the 	corresponding 	cationic 	species 
[(n6-arene)M(L)C(SPPh2)2Pt(S2CNEt2))], (L = PPh 3, PEtPh2, CO) 20 . 
Ph Ph 
Ru 	 NPt 
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Thioethers are 	generally 	regarded as rather poor ligands for 	the 
complexation of 	transition 	metal 	ions 21  and there are 	no reports of arene 
ruthenium or osmium complexes containing these neutral donors. All 
previously reported transition metal arene complexes-with S-donors are formed 
18 with negatively charged thiolates 19 20. 
1.2.2.3. a-Bonded Alkyl Groups 
There are a few arene ruthenium and osmium compounds that contain 
metal-carbon a bonds. Reaction of [RuC12(r 6-C 6 H 6 )]2 with HgR2 or SnR 4 in 
acetonitrile, followed by treatment with tertiary phosphine, yields 
[Ru( 6-arene)CI(Me)PR 3], (R = Me, Ph; arene = C6H 6, p-cym, 1,3,5-C 6 H 3 Me3 ) 22 . 
The air-sensitive dimethyl species, [Ru( 6-arene)(Me) 2 PMe 2Ph], has been 
prepared by addition of excess methyl lithium to the above solutions. 
Permethylation of the arene ring increases stability of these complexes; the 
benzene species decomposes even at -40 ° C, but the mesitylene species may 
be isolated at 0 ° C, as an air-sensitive yellow oil 4. The corresponding osmium 
complexes, [Os(p-cym)Cl(Me)L] (L = CO. CNMe 3, Me2SO, PMe3, PPh3, P(OPh) 3), 
were synthesized by methylation of [TI  using AI2Me6 
6 
Another osmium complex with a direct osmium carbon a bond arises from the 
cyclometallation of benzoic acid 23 via treatment of 




The monomers [Ru( 6-C 6 H 6)Cl 2(PR 3 )], (PR 3 = PMe 3 , PMe 2 Ph), react with alkynes 
RCHCH, 	(R = 	H, 	tBu 	Ph), and NH 4 PF6 in 	methanol 	to yield 
[Ru(=C(OMe)CH2R)Cl(PR 3 )( 6 -C 6 H 6)](PF 6). These (alkoxy)alkyl carbene ruthenium 









RuCl 2 (C 6 Me 6)PR 3 + RCCH 
PF6\ 
I 	CI 	H 
I G- I — Ru=C=C 
\ 	\ 
PR R 3 
Scheme 1.2. 
Osmium arene vinylidene species are also known. The complex 
[(ri 6-C6H6)0s(=C=CHPh)(P'Pr3)] is formed from [Os12( 6-C 6 1-1 6)]2 and reacts, with 
S. Se and CuCI by electrophilic addition to the osmium carbene bond affording 
[6] and [7] 25 
Os 
N 
Pr3 P 	C==CHPh 
	
'Pr3P J 	CCHPh 
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1.2.2.4. n-bonded Ligands 
The first known arene ruthenium complexes were the bis arene species, 
[Ru(arene)(arene)'] 2 , prepared by Fischer and Bottcher in 1957 
26  These can 
be reduced using a sodium amalgam (Na/Hg) to the corresponding Ru(0) bis 
sandwich complexes that have one arene 71 6  and one r bOnded 27 '28. The bis 
benzene complex, [Ru(ri 6-C61-16)2], can also be prepared by co-condensation of 
ruthenium metal vapour with benzene 29 
A wide range of ruthenium bis arene complexes, [Ru(ri 6-arene)( 6-arene)'] 2 	- 
[81 have been prepared by in situ treatment of the tris-acetone species, 
[Ru(ri 6-arene)(Me2CO)3] 2t with a variety arenes, (C 6 H 5X, X = OMe, OH, NMe2, Cl, 
COMe, CO2Me, CO2H, CF 3), in the presence of acid, (CF 3CO2H, HBF4, HPF6) 30 . 
Alternatively, the mixed sandwich cations can be synthesized directly from 




A convenient method of synthesizing the mixed sandwich cations, 
[Ru(n 6-arene)Cpit (arene = C 6 1-1 6, p-cym, C 6 H 5OMe, C6Me6; Cp = C 51-15), involves 
attack by TICp on the chloro-bridged dimers, [RuCl2(6-arene)]2 32  These 
cations react with a wide range of nucleophiles which attack both the arene 
ring and the metal centre 33 ' 34. Other IT bonded arene ruthenium complexes 
include olefin 35,36,37  and allyl 38 species. 
1.2.2.5. Arene Exchange Reactions 
The co-ordinated •arenes in the bis sandwich complexes are not easily 
displaced by other ligands 1 , however, it has been shown that the arene groups 
in some of the complexes described in this chapter can be exchanged under 
thermal or photo-chemical reaction conditions 4. Indeed, both 
[RuCl 2 ( 6-1,2,4,5-C6H2Me4)]2 and [RuCl2(r 6-C6Me6)]2 are best prepared by 
exchange reactions of [RuCl 2(r 6-p-cym)]2 in a melt of the appropriate arene, 
rather than by reaction of ethanolic RuCI 3 with cyclohexadienes 39 '40. If a 
solution of the arene complex [Ru(arene)C[2(PBu3)] in an aromatic solvent is 
heated or irradiated with u.v. light there is partial or complete arene exchange, 
in addition to general decomposition. 
1.2.2.6. Chiral Complexes 
There have been several reports of the introduction of chirality into 
ruthenium arene compounds and a review covering half-sandwich chiral 
ruthenium complexes has been published recently by Consiglio and 
Morandini 4Oa. Species of the type [Ru(ri 6-arene)(X)(Y)(Z)Yt e.g. 
[Ru(ii 6-arene)(PMe3)(PMe2Ph)Cl]t (arene = C61 ­1, C 6 Me6), 
[Ru(ri6-C6Me6)(PMe3)(NH2CHMe2)(H)] 40a have a chiral ruthenium centre and 
complexes containing additional chiral elements within thtco-ordinated ligand 
are also known. Reaction of [RuC'2(rl  with amino acids gives a set of 
chiral complexes, [Ru(n6_C6H6)Cl(NH2C*HRCOO)], and solution n.m.r. studies 
have shown that these species are only epimerized slowly at the metal 
centre 41 . The optically active complex [Ru(r16_C6H6)Cl(Me)(PPh2NHC*HMePh)] 
was prepared from [RuC1 2 ( 6 -C 6 H6)]2 by reaction with dimethyl mercury, and 
subsequent treatment with R_(+)_Ph2PNHC*HMePh.  The diastereo-isomers were 
separated by a combination of column chromatography and fractional 
crystallization. Anhydrous SnCl 2 can be inserted into the Ru-Cl bond to yield 
10 
the corresponding diastereo-isomers, 
[Ru(6-C6H6)Me(SnCl3)(PPh2NHC * HMePh)]42 
1.2.2.7. Reaction with Nucleophiles 
In general the ruthenium and osmium arene complexes are destroyed by 
reaction with nucleophiles, however, there are a few instances where 
nucleophilic attack. at the Tj 6-05 ring generates stable 5-cyclohexadienVI 
species. 	A 	hydride 	ion 	will 	attack 	the 	benzene 	ring 	of 
[Ru( 6-C6H6)(HB-(pyrazolyl)3] to give the neutral complex [9143,44.  
• 	
H 
H 	 Ru 
[9] 
The mixed amine/phosphine complexes, [Ru(Tj 	(N-N = 
1,10 phenanthrolirie, 2,2'-bipyridyl), react with a wide range of nucleophiles, (Y 
= H, 0H, CN), to give stable 5-cyclohexadienyl species 15 ' 16, see Scheme 1.3. 
Interestingly, the chloride analogues, [Ru(r 6-C6H6)Cl(N-N)](PF6), decompose on 
on attack by riucleophilic reagents. 
11 








N N = bipy. phen 
Scheme 1.3. 
1.2.3. Binuclear Complexes 
1.2.3.1. Halide Bridged Complexes 
Apart from the dimers [MC12( 6-arene)]2, (M = Ru, Os), there are. many 
examples of binuclear bridged complexes. The triple chloro-bridged ruthenium 
compound, [Ru2Cl3(ii 6-C6H6)2](PF6) [101 was originally prepared by addition of 
NH 4PF 6 to an aqueous solution of [RuCl2(ri6-C6H6)]2 , but subsequent work 
demonstrated that the yield was significantly improved by using methanol as a 
solvent 9. However, this method was not always applicable and Stephenson and 
co-workers devised a general route to triple bridged species 8 ' 45 . This involved 
mixing equmolar amounts of [M(fl 6 !arene)X2(C5H5N)1 	and 
[M( 6 -arene)X(C5H5N)2], (M = Ru, X = Cl -, Br, 1; M = Os, X = Cl -), with HBF4, in 
which the acid protonated the pyridine ligands, leading to solvated monomers 
12 
which could easily couple to form binuclear products. 
1 ~ Cl 
© /N\ ---Ru-Cl-RU NZ
Cl 
[10] 
Attempts to generate the hetero-bridged complexes, analogous to the 
molybdenum dimer (M02(7-C7H7)2Br2Cl] 46, by reaction of 
[Ru( 6-C6H6)Cl2(C5H5N)] and [Ru(T1 6-C6H6)Br(C5H5N)2] lead to the formation of a 
statistical mixture of products 8 . 
1.2.3.2. Hydroxo Bridged Complexes 
The triple hydroxo-bridged species [M 2(OH) 3 ( 6-arene)2] 4 , (M = Ru, arene = 
p-cym, C6Me6 47;  M = Os, arene = p-cym 48), can be prepared by treatment of 
[MCI2(r1 6-arene)]2 with excess aqueous sodium hydroxide or sodium carbonate. 
However, attempts to prepare the benzene analogue by the same route 
produced the highly unusual tetramer, [Ru 4 ( 6-C6H6)4(OH)4(0)] 2 , the structure 
of which was determined by single crystal x-ray diffraction techniques 49 . 
Additionally, if the reaction is carried out with one molar equivalent of CO3 2
-  
and in the presence of excess sulphate ion another tetrameric species, 
[Ru 4 ( 6-C6 H 6) 4 (OH) 4](SO4)2.12H20, with an unusual cubane type structure is 
formed 50 . 
13 
1.2.3.3. Alkoxo/Thiolto Bridged Complexes 
The triple alkoxo-bridged dimers, [Ru 2 (OR) 3 (r 6-arene)2] (arene = p-cym, 
C6H3Me3, C6Me6), can be synthesized by reaction of [RuC'2(TI  with 
NaNH2 in acetonitrile, followed by treatment of the resulting oil with 
ROH/NaBPh4, (R = Me, Et) 51 . Direct reaction of [MCI201 6-arene)]2 with NaOR/ROH 
gives an inseparable mixture of products 47. The analogous thiolto-bridged 
cations, [Ru 2(j.i-SEt)3(r1 6-arefle)21 are prepared from [RuCl2(ri 6-arene)]2 and 
Pb(SEt)2 in CH3CN 51 
1.2.3.4. Hydrido Bridged Complexes 
Several hydrido arene ruthenium and osmium complexes have been 
reported 48,52,53, a number of which are catalytically active 54. Reaction of 
[RuC1 2( 6-C6Me6)]2 with one mole equivalent of Na2CO3 in propan-2-ol gives 
the mono-hydrido complex [RU2(TI 	whereas reaction 
with two mole equivalents of sodium carbonate affords a complex mixture of 
products, including the di and tri-j.t-hydrido complexes which were identified 
by 1 H n.m.r. spectroscopy 55. The osmium dimer, [0sC12( 6-p-cym)]2, reacts in 
propan-2-ol in the presence of NaPF6 to give [0s 2 (T1 6-p-cym)2Cl2(1-H)()1-Cl)] 
[111 	This and the analogous [0s2(r 6-p-cym)2(X)31t (X3 = 
-(p-H)2(i.i-0Ac)-, -(V-H)(ji-OAc)()j-Cl)-) complexes have been characterised by 
1




1.2.3.5. Cyclophane Complexes 
An interesting progression from the bis arene ruthenium species is the 
development of [2] cyclophane complexes [12]. The outstanding characteristic 
of [2] cyclophanes is the delocalization of their iT electron systems". This, 
combined with metal complexation at both outside faces of the arene decks of 
a [2] cyclophane, has raised the question whether suitable polymers of 
transition metal complexes might show complete 11 electron delocalization over 





Boekeiheide and co-workers have prepared a number of model 
su b un its 5859 &O; e.g bis(Ti  diRu(11,0)](BF4)2 
[131 (for cyclophane nomenclature see Ref. 61), a mixed valence ion that shows 
both oxidative and reductive 2e reversible couples. 
R 	
2+ 
*_ - RE R  
[131 
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1.2.4. Cluster Complexes 
1.2.4.1. Metalloboranes 
There have been several recent reports of cluster compounds that contain 
arene ruthenium and osmium fragments. Greenwood and co-workers have 
produced an extensive range 62,63  of metallo-boranes incorporating r 6 
hexamethylbenzene; e.g. arachno[(TI 6-C6Me6)RuB8H14] 64, 
[6-(6-C6Me6)-n/do-6-RuB9H13] 65  Metallo-boranes with other n6  arenes have 
also been synthesized 66 . 
1.2.4.2. Polynuclear Complexes 
The tn-osmium cluster [{Os( 6-C6 H 6)(p-H)} 3(ii(CH2)3CH)] [14] 
67  and 
ruthenium clusters (Ru6C(CO)4(ri6-C6H3Me3)] 68 and (Ru4(CO)9(ri6-C6H6)(C6H8)] 69 
exhibit conventional T1 6  binding of the arene to one metal centre. However, the 
hexanuclear complex [Ru6C(CO)11(ii 6-C6H6)( 3-C6H6)] shows a unique type of 
metal arene co-ordination 70. One benzene ring is bound in conventional fashion 
but the other sits symmetrically above three ruthenium atoms, capping a 
triangular face. 
H 








1.3. Rhodium and Iridium Pentamethylcyclopentadienyl Complexes 
The rhodium and iridium chioro-bridged dimers [MCI2Cp*]2,  (M = Rh, Ir; Cp* 
= r 5-05Me5), undergo similar reactions to their isoelectronic ruthenium and 
osmium analogues, [MCI 2(arene)] 2 (M = Ru, Os). However, the important 
difference between the two types of complex is in the strength of the 
metal-carbocyclic ring bond. The C 5Me 5 ligand survives acidic and basic as well 
as reducing and oxidizing conditions 71 and this, together with its ability to bind 
to rhodium and iridium in a variety of oxidation states, (Cp*M(l),  (Ill), (IV) and (V) 
complexes have been synthesized), means that there is an even greater range 
of rhodium and iridium complexes incorporating Cp*  compared to the 
ruthenium and osmium arene systems discussed in Section 1.2. 
1.3.1. Synthesis 
Reaction of [RhC13.3H20] with C 5Me 5H, HMDB (hexamethyl Dewar benzene, 
hexamethylbicyclo[2.2.0]hexa-2,5-diene) or 1-(1-CIEt)C 5 Me 5 affords a red 
crystalline compound 72 ' 73, see Scheme 1.4. The formulation [RhCl2Cp*]2  has 
been confirmed by a single crystal structural analysis 74. The iridium analogue 
is more difficult to prepare and only reaction of [lrCl3.3H20] with 
1-(1-ClEt)C5Me5 gives appreciable yields 75 . The single crystal X-ray structure 
of [lrCl2Cp*]2  has also been reported 76. The compounds are crystalline dimers, 
soluble in organic solvents, in contrast with their amorphous, polymeric 
analogues [MC12Cp], (Cp = C 5 H 5 ) 71 . 
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1.3.2. Mononuclear Complexes 
1.3.2.1. Lewis Bases 
The reaction with Lewis bases, as for [MCI2(arene)]2 (M = Ru, Os), proceeds 
via bridge cleavage to give monomeric adducts [MCp*Cl2(L)],  (M = Rh, L = PPh 3 
72 C5H5N 72,  RN  77,78  R1R2NNH2 79;  M = lr, L = PPh 3, C 5 H 5 N, p-CH3C6H4NH2 75) 
Use of excess of chelating ligand leads to further halide displacement yielding 
the cations [MCp*(Cl)L2]t  (M = Rh, L = PMe2Ph 80  RN  Me2NNH2 , L2 = 
dppe 72 ' 78; M = Ir, L = PMe 2Ph, L2 = diphos 71 ). However, reaction of [RhCl2Cp*]2 
with [Ni(PF 3 ) 4 ], a-. source of the fluoro-phosphine PF 3, affords the M(l) species 
(MCP *(PF3)21.  The iridium complex reacts further via an internal oxidative 





Metathetical replacement of the chloride ligands of [MC12Cp*]2,  (M = Rh, Ir), 
gives complexes of the form [MX2Cp*]2,  (M = Rh, X = Br 
80,  I  72  N3 83  NCO 83 
SCN 83.  M = Ir, X = Br 80,  I 
72)  and these also react with Lewis bases via bridge 
cleavage. Interestingly, the dimer [Rh(N3)2Cp*]2  [16] reacts with carbon 













[16] 	 -N 
1.3.2.2. Solvated Species 
A series of mononuclear cations, [MCp*(L)3]2+,  can be prepared from 
(MCI2Cp*]2, (M = Rh, Ir), and AgPF 6 in a co-ordinating solvent; complexes 
where L = pyridine, MeCN, Me 2SO are stable enough to be isolated as solids, 
but the corresponding complexes where L = Me 2CO, CH 2Cl2 are only stable in 
solution 84. These solvated species are useful precursors for the generation of 
19 
other complexes of the type [MCp*(L)3]2+  since the solvent is easily displaced 
by stronger donors 84. However, the tris adducts can only be formed for 
relatively small ligands, (L = PMe 2Ph, P(OMe) 3, P(OEt)3, NH3, N21-1 4, RNC), and 
only a mono-triphenylphosphine complex, [RhCp*(PPh3)(MeCN)2]2+,  can be 
prepared, while triphenylphosphite affords the ortho-metallated product 
(RhC p * {P(OPh) 20C 6H 4}](PF 6) 84 The hexafluoro-phosphate salt of 
[MCp*(Me2CO)3]2+ undergoes an unusual reaction in refluxing acetone, whereby 
partial hydrolysis of the anion gives [M2(p_P02F2)3Cp*2](PF6)  [171 85.86  A similar 
reaction is observed for [Ru(arene)(Me2CO)3](PF6)2 13 
*- OPF20\ 	 (PF6) Rh- OPF2O-Rh OPF2 O 
[17] 
1.3.2.3. Sulphur Donor Ligands 
In contrast to the very few reports of ruthenium and osmium arene 
complexes incorporating sulphur ligands, there are a number of such 
pentamethylcyclo pentad ienyl rhodium and iridium complexes. This reflects the 
greater stability of Cp*  bound to Rh and Ir compared with arene bound to Ru 
and Os 18  Reaction of [RhCl2Cp*]2  with stoichiometric amounts of anionic 
sulphur chelates-leads to neutral mononuclear compounds, [RhCp*(X)(S_S)],  (X 
= Cl, Br, I, SCN; S-S = Me 2 NCS 2 , Et2NCS2, Me2PS2, PhPS2, MeOCS2, 
EtOCS2), while addition of excess of sulphur anion causes replacement of both 
11 
halides or pseudo-halides to afford the complexes,[MCp*(S_S)2],  which have 
one bi-dentate and one mono-dentate ligand' 8' 87'88. Reaction of an aromatic 
1,2-dithiol, o-C61­1 4(01­1)2, with [RhCl2Cp*]2  gives the unusual dimer 
[Rh 2C p * 2(S 2C6H 3 M e ) 2] [18]87. 








Analogous to the reaction of [RuCl2(arene)]2, [RhCl2Cp*12  reacts with the 
bidentate 	sulphur 	donor 	ligand 	[Pt(S2CNEt2)(Ph2PS)21 	to 	afford 	a 
hetero-bimetallic complex [C p * RhCI(SPPh 2 ) 2Pt (S 2CNEt2) 20 
Particularly interesting in the context of our work are thioether complexes  87; 
these species however have not been well characterised. Reaction of dithian, 
(1,4-dithiacyclohexane), with [RhCp*(MeCN)3]2+  displaces two of the acetonitrile 
ligands to produce a complex formulated as [RhCp*(MeCN)(dithian)12  [19]. 
Other thioether complexes have proved less tractable. Reaction of [RhCl2Cp*]2 
with dithian or 2,5-dithiahexane, (S-S), gave insoluble compounds which 
analysed correctly for [Rh2Cp*2C14(S_S)].  The tar infra red spectrum is 
consistent with a polymeric structure with bridging and terminal chlorides 87 
21 




1.3.2.4. Carbonyl Ligands 
Carbonylation of [MCI2Cp*]2, (M = Rh, Ir) under reducing conditions (CO and 
Zn in MeOH), yields the M(l) species ( M C p * (CO) 2 1 89• Treatment of (RhCp*(CO)2] 
with methyl iodide produces a reaction at the co-ordinated CO. to give the 
acetyl complex [ Rh C p * (CO)(COM e )(l)] .  The iridium analogue, [IrCp*(CO)2], 
oxidatively adds sulphonyl chlorides to afford species of the form 
[lrCp*Cl(CO)(SOZR)], (R = Me, C 6 1­1 5, p-MeC61­14. p-BrC 6 1­1 4); on heating the aryl 
complexes decompose smoothly with the loss of SO2 to leave (lrCp*(CO)(R)Cl] 
89 
A similar type of complex, EMCp*(CO)R(Me)], is produced in an unusual 
reaction between [MCp*(Me)2(Me2SO)] 
90 and aldehydes, RCHO (R = Me, Et, 
o-tolyl, m-tolyl, p-tolyl). The metal complex induces decarbonylation of the 
aldehyde, yielding a a-bonded alkyl group, R, and ejecting a molecule of 
methane 91 , see Scheme 1.5. 
Me 
Rh Me 
Me 2 SO 
+RCHO fr .Me  / Rh —R 
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•CH4 
• Me 2 SO 
Scheme 1.5. 	 - 
1.3.2.5. a-Bonded Alkyl Groups 
The complexes (MC p *(M e ) 2 (M e2SO)] 90 also eject a molecule of methane 
during aromatic metallation reactions with substituted benzenes; thus, reaction 
Of (MCp*(Me)2(Me2SO)] with C6H 5X, (X = Cl, Br, I, CF3, CN, NO2, COMe, CO2Me, 
NH2), affords (MCp*(Me)(C6H4X)Me2SO)1  with the evolution of CH 4. Only the 
meta and para (major) isomers are formed. At higher temperatures two mole 
equivalents of C6H 5X react to give [MC p * (C 6 H 5X) 2(M e2SO)] 92• A 
cyclo-metallation reaction occurs between [RhCp*(Me)2(Me2SO)] and PhCOOH 
and also between [IrCp*C12(Me2SO)]  and AgOCOPh, yielding the species 
(Cp*M(02CC6H4)(Me2SO)], (M = Rh, Ir), analogous to the complex 
[(p-cym)Os(O2CC6H 4)(Me2SO)], see Section 1.2 23 
The a-bonded methyl complexes are prepared by reaction of (MCI2Cp*12,  (M 
= Rh, Ir), with AI2Me 6 . The rhodium complex gives an initial yellow solution that 
contains AI 2 Me 4Cl 2 and a single rhodium species, [(RhCp*Me3)2AlMe]. On 
reaction of this c.omplex with ligands, L, species of the type [RhCp*(Me)2L],  (L = 
PPh 3, Me2SO), are formed in excellent yield 93.  However, if [(RhCp*Me3)2AIMeI  is 
allowed to react with air, or better, a hydride acceptor such as acetone, smooth 
23 
reaction takes place giving the dinuclear Rh(IV) di-ii-methylene complex 
[C p * Rh(M e)( li _CH 2) 2 (M e)RhCp * ] 94. It is also possible to prepare the trinuclear 
tri-ii-methylidene complex [(RhCp*)3(.I3_CH)2] by treating a concentrated 
93 solution of [RhCl2Cp*]2 with AI2Me6 	[IrCl2Cp*]2 reacts in a similar fashion 
with Al 2Me6 producing first [(lrCp*Me3)2AIMe], which reacts with L to yield 
[lrCp*(Me)2L], (L = PPh3, Me2SO). But if the solution containing 
((IrCp*Me3)2AIMe] and AI2Me 4Cl2 is allowed to react with air then [IrCp*Me4] is 
produced; this is the first reported example of an organo iridium(V) complex 95 . 
1.3.2.6. M(V) Complexes 
Cp*Rh(V) complexes have also been prepared 96,97. Maitlis and co-workers 
studied the reaction of [RhCl2Cp*12 with triethylsilane and isolated the product 
(RhCp*(H)2(S1Et3)2]. This has a four-legged piano stool geometry and a neutron 
diffraction study located the two hydrides, which are mutually trans. The 
bis-silyl complex is rather stable but reacts under forcing conditions with L to 
yield [RhCp*(L)H(SiEt3)], (L = PPh3), or (RhCp*(L)21, (L = CO. maleic anhydride) 96 . 
A very recent report, again by Maitlis and co-workers, outlined the reaction of 
[MCp*(C2H4)21 or  [MCI2Cp*]2,  (M = Rh, Ir), with R3SnH which affords the M(V) 
* 	 97 	 * complexes (MCp (H)2(SnR3)2] . In the reaction of [MCp (CO)21 with R 3SnH one 
97 
carbonyl ligand is retained, affording [MCp*(H)(SnR3)(CO)] 
1.3.2.7. n-bonded Ligands 
Reaction of (MCp*(Me2CO)3]24 with arenes gives the mixed sandwich 
cations [C p * M(arene)]2+ 98 These can also be prepared by treating 
[MCP *(OCOCF3)2.H20] with arene in trifluoro-acetic acid 99. The co-ordinated 
arenes are attacked by nucleophiles, (BH 4 , MeLi), to give rI 5-C 6H6R complexes, 
(R = H, Me), see Scheme 1.6, but in no case was there any evidence for attack 









However, reaction of [MCp * (C )] 
	
(formed from [MCI2Cp*]2 	and 
cyclopentadiene in the presence of base), with NaBH 4 gives the unexpected 
product [M(C 5Me 5H)Cp], where attack has occurred exoto the C 5 Me 5 ring. None 
of the other isomer was detectable in the rhodium complex, but the iridium 
complex gives 70% [Ir(fl 4-05Me5H)(T1 5-05H5)] and 30% [lr(ri 4-05H6)( 5-05Me5)] 
100 (Rh(C 5 Me 5H)Cp] regenerates the rhodicenium cation in a facile reaction 
with chloroform 100 
[Rh(C 5 Me 5 H)Cp] + CDCI 3 [Rh(C 5 Me 5)Cp]Cl + CDHCl2 
There are also many examples of ir-olefin 1 ' 72100 and 7r_allVl L101102.I03  
complexes incorporating the [Cp*M]  fragment, (M = Rh, Ir). 
1.3.3. Binuclear Complexes 
1.3.3.1. Halide/Hydroxo Bridged Complexes 
There are several examples of binuclear bridged Cp*  rhodium and iridium 
complexes. Addition of aqueous 0H or BPh 4 to [RhCl2Cp*12  gives the triple 
bridged cations, [Rh2(OH)3Cp*21+  and  [Rh2CI3Cp*211,  respectively 104. The 
25 
hydroxo compound undergoes a very unusual exchange reaction when 
dissolved in D20 containing 0D; all the OH and C 5 Me 5 protons are exchanged 
for deuterons to give [Rh2(OD)3(C5(CD3)5)2] 
104  see Scheme 1.7. The single 
crystal X-ray structures of both [M2(OH)3Cp*2]+ complexes, (M = Rh,lr), have 
been determined 105. Also the tn-p-NO3 complex can be prepared by reaction 
of (RhCl2Cp*]2 with AgN03 83 . 
0 
[C 5 (CH 3 ) 5 ] 2 Rh 2 (OH )3 




1.3.3.2. Alkoxo Bridged Complexes 
The isolation of p-alkoxo bridged species has proven to be more difficult. 
This was not because these dimers do not form readily but because they 
decompose easily, in many cases to give p-hydrido species. The first 
tri-p-alkoxo compound to be reported was [Rh2(OPh)3Cp*2](PF6), prepared by 
reaction of [Rh2(OH)3Cp*2](PF6) with C6H50H 106  The phenoxide has no 
hydrogen that is readily lost to the metal and is therefore quite stable 106 
However, a recent report outlines the preparation of di-p-methoxo species 
stabilized by pyridine ligands 107 . Reaction of [M2(OH)3Cp*2]+,  (M = Rh, Ir), with 
HCI04 or HBF4 in the presence of pyridine type li-gands in acetone affords 
[M2L2(p_OH)2Cp*2]2, (L = py, 2-Mepy, 3-Mepy, 4-Etpy, 4-Pr"py, 4-Phpy, 
2-MeOpy; py = pyridine). However, if the reaction is carried out in methanol or 
26 
if the p-OH product is treated with methanol the bridging alkoxo complex 
[M2L2(p-OMe)2Cp* 2'  [20] is formed 
107. 
Me N 
Rh Rh -* 
Me 	 - 
[201 	
R---1'dJ 
1.3.3.3. Hydndo Bridged Complexes 
Many hydrido rhodium and iridium Cp*  complexes are known. Reaction of 
[RhCl2Cp*]2 with NaBH 4, or 2-propanol in the presence of base, yields the 
bridging hydride complexes [Rh2Cl2(pH)(p_Cl)Cp*2] [21] 108  This complex and 
its iridium analogue, [lr2Cl2(p_H)()j_Cl)Cp*2],  can also be prepared by reacting 
[MCP *(OCOCR3)2],  (R = H, F), with H2 80  The single crystal X-ray structures of 
these complexes have shown them to be isostructural and isomorphous, (M 
Rh, Ir). The metal-metal distance, (Rh ... Rh = 2.906(1) A 109  lr ... lr = 2.903(1) A 76) 
is indicative of a single bond, in contrast to the di-p-chloro complexes 
(MCI2Cp*]2, (M = Rh, lr), (Rh ... Rh = 3.7191(6) A 74, lr ... lr = 3.769(1) A 76),  which 
show no formal metal-metal interaction. [M2Cl2(p_H)(p_Cl)Cp*]  react readily 
with 1,3-dienes to give enyl complexes, [MC p * ( T1 3 _C 3 H 4 R)Cl] 110 and are good 







Under more vigorous conditions, reaction of [lrCl2Cp*]2  with hydrogen and 
base affords the di--hydrido, [Ir2Cp*2C12(p_H)21 [22] and tri - U -hydrido, 
[lr2Cp*2(3i_H)3] [231 complexes 108. The bridging hydrides act as very strong 
binding groups and have the effect of "glueing" the two metal atoms together 1 
The single crystal X-ray structure of [23] shows that the presence of three 
bridging hydrides results in a very short Ir-Ir distance of only 2.455(1) A and in 
fact this complex has been described as having a "triply protonated 
iridium-iridium triple bond""'. 
H 
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1.3.3.4. Carbonyl Bridged Complexes 
Another complex with considerable metal-metal interaction is [Rh2Cp*(CO)2] 
[241 which formally has a Rh-Rh double bond 112. The dimer is formed by 
heating the monomer [RhCp*(CO)2]  to 80-85 ° C at 10-20 mmHg and can be 
isolated as a dark blue solid12. [Rh2Cp*2(CO)2]  reacts by addition across the 
metal-metal bond yielding novel metallocycles. For example, reaction with 
alkynes, RCCR affords [Rh2Cp*2(CO)(11_n2_n2_C(CO)CRCR)], (R = CF 3, CO2Me, 
Ph); the single crystal X-ray structure has been determined for the complex 
where R = CF3 113 •  [Rh2Cp*2(CO)2] will also add phospho-alkynes, RCP, 
yielding [Rh2Cp*2(CO)(C(O}CPCR)],  (R = Me3C)' 14, or [Rh2Cp*2(CO)(PCR(0)CRP)], 









The iridium analogue of the di-i-carbonyl bridged complex, [lr2Cp*2(CO)2], 
has been prepared, as well as the mixed-metal rhodium-iridium system 7 . 
Reaction of [RhCp*(C2H4)2]  with  [IrCp*(CO)2]  affords the hetero-bimetallic 
complex [Cp*Rh(li_CO)2lrCp*].  Another interesting hetero-bimetallic complex, 
[Cp*(CO)21r_W(CO)5], is held together by an unsupported donor-acceptor, 
metal-metal bond' 18 . However, this dative bond is rather weak and is easily 
cleaved by Lewis bases, L, to give [lrCp*(CO)2]  and [W(CO) 5L], (L = CO. PPh 3). In 
an attempt to repeat this type of unsupported bond formation, [lrCp*(CO)2]  was 
reacted with (Re(CO) 4Br] in CH 2 Cl 2, but this simply lead to a cation-anion 
complex, [lrCp*(CO)2(CH2Cl)1[(p_Cl)x(p_Br)3_xRe2(CO)6J_,  via cleavage of solvent 
molecule 119 
13.4. Cluster Complexes 
1.3.4.1. Metalloboranes 
There are several reports of cluster compounds containing Cp*  rhodium 
and iridium fragments. Reaction of arac/7no-1391­1 14 with [RhCl2Cp*]2  in CH 2 Cl 2 
yields a blood-orange crystalline metallo-borane, [6_Cp*_n/do6_RhBgH14],  and 
the structure has been determined by x-ray diffraction techniques 120. Treatment 
of a dichloromethane solution of this complex with excess of PMe2Ph affords 
three air-stable products; red-orange [5_Cp*_  n/do-5-RhB9H 11 -7-(PMe2Ph)], 
yellow [2-Cp - c/oso-2-RhB 9 H 7-3, 1 0-(PMe2Ph)21 and orange 
[2_Cp*_ n/do-2-RhB8H10-5-(PMe2Ph)] 121.  Reaction of a ptiosphino-borane 
cluster, arac17na-[B 10 H 1 2(PMe 2Ph)2], with [RhCl2Cp*]2  also produces a 
rhoda-phosphino-borane, [7_Cp*_8_Cl_1  1-(PMe2Ph)- n/do-7-RhB10H1 ] 122 
1.3.4.2. Polynuclear Complexes 
The structure of a mono-ligand trimetallic cluster has been determined. 
The cation [(RhCp*)3Cl5np3]f,  (np 3 = tris(2-diphenylphosphinoethyl)amine), 
contains two RhCp*2Cl  units, each bound through the metal to one phosphorus 
atom of the ligand, and a RhCp*Cl  group in which the rhodium atom is bound 
to the third phosphorus and to the nitrogen of the tetradentate ligand 123. The 
triple bridged hydroxo complex, [Rh2(OH)3Cp*2]f,  reacts with molecular 
hydrogen to give the dark green tetranuclear complex, [Rh4Cp*4H4]2f,  the 
structure of which has been determined 124 . The four rhodium atoms occupy the 
apices of a distorted tetrahedron and, although the hydrides were not located, 
they were assumed to bridge the long edges of the Rh 4 cluster, however, 1 H 
KE 
n.m.r. results have brought this interpretation into question'. An intermediate 
in the formation of this cluster is the red-brown trinuclear species, 
[Rh3C p * 3 H 3(0)](PF 6 ) . H 20 125 A series of trinuclear clusters, [MRh2Cp*3(11_CO)2], 
are formed by reaction of [Rh2Cp*2(CO)2]  with  [MCp*(C2H4)2],  (M = Co, Rh, Ir). 
These complexes are unsaturated species and react with molecular hydrogen to 
afford [MRh2Cp * (p H)( CO)(3C0)] 117 
The complex (Rh2Cp*2(CO)2]  also produces mixed-metal clusters when 
reacted with (Ru 3(CO) 1 2] in the presence of hydrogen. Three species are 
formed; [C p *RhRu3 ( I _H) 2 ( 1.t _CO)(CO) 9
1, 1Cp*RhRu3(1.I_H)4(CO)91 [251 and 
(Cp
* 
 2Rh 2Ru 2(CO) 7], but these are easily disrupted back to the starting 
complexes by one atmosphere of carbon monoxide 126. Another mixed 
rhodium-ruthenium cluster, [(RhCp*)3Ru(CO)3(1i3_CO)2], was isolated from the 
reaction of [Ru(C 6Me 6)(C 2 H 4)2] and [R h C p * (CO) z] 127 Once again it is the arene 
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1.4. Platinum Group Metals Incorporating Macrocyclic Ligands and Carbocyclic 
Rings 
The organometallic systems [MCI2(arene)]2 and [MCl2Cp*]2,  (M = Ru, Os; M' 
= Rh, Ir), react readily with sulphur and nitrogen macrocyclic donors to give a 
series of complexes that incorporate both macrocVclic ligands and carbocyclic 
rings, (arene, Cp*).  Chapters 2 to 5 describe these reactions and the 
characterization and some of the chemistry of the products. 
Although there are no directly analogous examples in the literature, there 
are two rhodium complexes that contain macrocyclic crown-type ligands and 
the diene, 1,5-cvclo-octadiene (cod). Stoddart and co-workers have synthesized 
the compound [{Rh(cod)(NH 3)) 2L](PF6 ) 2 [261 
(L = cyc/o-((O-CH2CH2)2NH-CH2CH212) 128. The single crystal structure shows 
that each rhodium atom is bound to the diene, (cod), an ammonia molecule and 
one of the nitrogen donors of L. The complex is unusual in that it exhibits both 
first and second sphere co-ordination to the macrocycle; the rhodium atom is 
directly bonded to the nitrogen donor of L and the ammino molecule is 
hydrogen bonded to the oxygen atoms of L. The other rhodium-(cod) 
macrocyclic complex, (Rh2(cod)2(L')1 [271 
(L' = 1,4,7,11,14,17-hexathiacyclo-20-ane) 129, is discussed in the context of 
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N,N',N"-trimethyl- 1 ,4,7-triazacyclononane 
CHAPTER 2 
MIXED SANDWICH COMPLEXES OF 1,4,7-TRIAZACYCLONONANE 
AND N,N.N"-TRIMETHYL- 1,4,7-TRIAL&CYCLONONANE 
2.1. Introduction 
This chapter outlines the reaction of L 1 , 1,4,7-triazacyclononane , with the 
chioro-bridged 	dimers [MCI 2(arene)] 2 	(M 	= Ru, 	arene 	= C 6 1­ 1 6, 4-MeC0 4 Pr, 
C6 Me 6; M = Os, arene = 4-MeC 6 H 4 1 Pr) and [MC124*]2 (M' = Rh,lr) to 	form 
mixed-sandwich compounds. Reactions of the tri-methylated analogue, L 2 
(L2 = N,N',N"-trim ethyl- 1,4,7 -triazacyclononane) are also discussed. 
As an introduction a 	brief survey of the chemistry of the macrocyclic 
ligands L 1 and 	L2 	is included. The four sub-sections 	describe a) 	1:1, 	M:L 
mononuclear complexes, b) 1:1, M:L binuclear complexes, c) 1:2, M:L 





Since the original synthesis of 1,4,7-triazacyclononane, by Koyama and 
Yoshino in 1972130,  a large number of transition metal complexes incorporating 
this ligand have been prepared. These complexes are kinetically inert, 
thermodynamically stable systems and Busch and co-workers have suggested 
that this stability is due to the stereo-restrictive mode of co-ordination 
imposed by the ligand 131 . However, there is growing evidence that a 
pronounced ligand field strength is contributing 132. A study by Yang and 
Zompa 133 on the bis sandwich complex [Ni(L') 2 ] 2 reported a Dq value of 1250 
cm, which is much greater than the normal range, (10 800 -1- 11 500 cm), 
for complexes containing six saturated nitrogen donor atoms 134. They 
concluded that this was a reflection of the constraining nature of the ligand, 
where the nitrogen donors rigidly force a distorted octahedral structure and 
present a stronger ligand field to the metal. The normal binding is via all three 
nitrogens to one face of a metal centre, but square planar complexes are 
known where the macrocvcle acts as a bidentate ligand. There is one 
reported 135 instance of monodentate co-ordination, where the macrocycle 
binds three separate [Rh2(02CR) 4] units as part of a larger polymeric framework. 
2.1.1. Mononuclear M:L 1:1 Complexes 
The triaza-macrocycle binds in a facial manner in mononuclear 1:1 
complexes leaving three mutually cis labile sites in the resulting compound. 
The stability of these metal-macrocycle fragments implies that any reaction will 
occur at these three remaining sites and, therefore, many of these complexes 
are used as starting materials for the preparation of binuclear bridged 
complexes or bis sandwich complexes of type [M(L)2]. 
The tridentate macrocycles may be regarded as protecting groups for metal 
ions 136, analogous to the carbocyclic cyclopentadienyl and aryl ligands, and 
they also have the ability to stabilize metals in both low and high oxidation 
35 
states 137 . This is demonstrated by a series of molybdenum compounds 
132,136  in 
oxidation states ranging from 0-VI which retain the metal-macrocycle fragment, 
see Scheme 2.1. 
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CO 
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Scheme 2.1 
The starting material, M0L(CO) 3, is readily prepared by reaction of molybdenum 
hexacarbonvl with L, (L = L 1 ,L 2), and is a stable Mo(0) compound. Controlled 
oxidation with Br 2 or 12  gives the complex [MoL(CO)3X] (X = Br,l; L = L 1 ,L 2 ) 
which has been shown to be a 7 co-ordinate, 4:3 piano-stool complex by a 
single crystal X-ray structural analysis, (X = Br; L = L
) 132 The air-stable 
Mo(lll) compound, [Mo(L 2 )X 3 ], can then be converted to [Mo(L 2)(0)X3]t (X = 
Cl,Br,l), by prolonged reaction in the absence of water 138 . Further oxidation, by 
concentrated nitric acid, yields the Mo(V) complex [M(L 2)OX 2] and where X = Br 
this reacts further to afford [M(L2)O2Br] 138 
There are strong analogies between the synthesis and chemistry of L 1 and 
those of the corresponding r 5-cyclopentadienyl species and the 
tris-(1-pyrazolyl)borate complexes. However, a great advantage is that the 
intermediate and final products are usually more air, moisture and light 
stable 132 
There are numerous other 1:1 mononuclear complexes but most of these 
only receive a passing mention as intermediates in the synthesis of the more 
interesting binuclear bridged and bis sandwich compounds. Complexes of the 
type [M(L 1 )C1 3] [11 have been reported for Cr(111) 139 , Fe(11I)140, CO(Ill) 141 , MO(Ill) 142,  
Ru(lll) 143 and Rh(lll) 144. Some or all of these chlorides can be replaced by other 
groups; e.g. [Ru(L 1 )(dms0)2C1], [Ru(L1)(C204)1] 143  (Co(L1)(NO3)3) 144 
CI Ir 
N— M —CI 
EL— N 	 CI 
M = Cr, Fe, Co 
Mo, Ru, Rh 
[1] 
The majority of these complexes are octahedral but the Cu(ll) ion adopts a 
five co-ordinate geometry while maintaining a facially bound macrocycle; the 
single crystal X-ray structures of both [Cu(L1)CL2] 145  and [Cu(L1)Br2] 146  have 
been reported. This distorted trigonal bipyramidal arrangement is also seen 147 
in the Cu(ll) complex of 1,4,7-triazacyclododecane, TCD [2] (an analogue of L 1 
with a five carbon chain between two of the amines), [Cu(TCD)NO 3]NO 3. One 
example of a single bidentate L 1 , bound to Pd(ll), is reported 130 but the 
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The methylation of the N-donors of L 1 gives 
N,N',N"-trimethyl-1,4,7-triazacyclononane, L 2. This methylated ligand forms 
more sterically hindered adducts with metal centres and this steric effect 
makes it less likely that these "[M(L2)]" fragments will aggregate to form dimers 
or oligomers. Wieghardt has suggested 138 that edge-sharing fusion [3] of 
octahedral fragments is impossible; only face-sharing octahedra [4] or moieties 
with a common corner [51 may be formed without steric hindrance. 
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Some mononuclear analogues of the complexes already discussed have 
been prepared using L 2 137 ' 138 .The methyl groups on the ligand also prevent the 
generation of bis sandwich complexes of the type [M(L 2)2]n  
One interesting example of L 2 co-ordinated to a third row metal is the 
tungsten complex, (WL 2OCl2] [61 which displays highly unusual distortional 
isomerism 148 . Two forms of the complex exist, blue and green, and both are 
stable in solution. However, the only discernible difference, from single crystal 
X-ray studies, is that the blue cation has a shorter W0 bond, 
(W=O = 1.719(18) A and 1.893(20) A, respectively). 
	
CH3 \\\ 	 CH  
CH 
0 	C1 / 
[61 
The N-donors of L 1 can be derivatized to form potentially hexadentate 
Iigands 149150 . One such example is 
1,4,7-triazazcyclononane-N,N',N"-triacetate, (TCTA). This macrocycle wraps 
round metal centres, stabilizing both M 3+  ions, (Al, Cr, Co, Ni, Cu), and M 2+  ions, 
(Mn, Fe, Co, Ni, Cu) 151,152.153  The [Ni(TCTA)F complex is so stable that it can 
be recrystallized from dilute nitric acid ' 54 ; the carboxylate groups remain bound 
to the metal centre, unlike carboxylate groups in related ligands, (e.g. EDTA), 
which are protonated and the co-ordination destroyed. If the nickel complex is 
allowed to stand in the acid, the blue colour changes to purple and, finally, pink 
crystals of Ni(TCTA) are deposited. The TCTA ligand has been described as 
having the optimum hole-size for stabilizing the Ni(lll) ion 
154 
2.1.2. Binuclear M:L 1:1 Complexes 
The binuclear complexes are formed by linking two metal-macrocycle 
moieties via various bridges. The most common bridges involve oxygen, 
(oxo,hydroxo and aquo, or part of a carbanato or carboxo group), although 
other bridges, such as chlorides, have also been reported. There is 
considerable interest in the interaction between two metal centres, either 
through direct metal-metal bonding or anti-ferromagnetic coupling via the 
bridges 155 . 
The triple hydroxo bridged species [(L')M(j.t-OH)M(L 1 )]3 	have been 
prepared 13941144  for Cr(lll), Co(Ill) and Rh(Ill) by hydrolysis of the chloride 
monomer, [(L 1 )MCI3]. The structure is dependent on the pH of the solution and 
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Scheme 2.2 
The triple si-OH bridge is easily cleaved via an acid catalysed mechanism, 
the first step of which requires protonation and addition of water, see Scheme 
2.2c). This intermediate complex involves edge sharing of octahedra, a structure 
that is not possible with "M(L2)" fragments because of steric hindrance, see 
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Section 1.1. This implies that [(L 2)M(ii-OH)3M(L 2)J3 , M = Cr,Co Rh, should not 
undergo acid catalysed bridge cleavage and, indeed, these complexes are stable 
in 2M perchloric acid 139 
The hydroxo bridges can be replaced by aceto or carbonato groups, by 
reaction with acetic acid or sodium carbonate respectively, to give complexes 
of the type [(L1)M(j1_OH)2(I.t_02ccH3)M(L1)]3+ 141.142.143 or 
((L1)M(1.I-OH)2(U-0O3)M(L1)]3' 142.144,156  The Cu(II) ion also forms a hydroxo 
bridged dimer, [(L')Cu(p-OH) 2Cu(L 1 )] 2 , but prefers to be 5 co-ordinate with the 
metal centres linked by two OH groups 157. Two seemingly identical single 
crystal X-ray structures were olitained for this complex with data being 
obtained for blue and green forms. It was proposed that the copper centres are 
bridged by two hydroxo groups in the blue case [71 and by an oxo and an 
aquo group in the green case [81 the protons could not be located. 
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There are several examples of oxo groups in these types of complex, either 
bridging or terminally bound. The species [(L 1 )Mo(j1 -OH)2(I.i-O2CO)Mo(L 1 )1 2 can 
be oxidized by perchloric acid to yield the Mo(V-V) dimer, 
[(L1)Mo(0)(l.i-0)2Mo(Q)(L1)]2 158  The two terminal oxo groups are mutually 
trans but the trans - cis isomerization is easily brought about by hydrolysis 
with aqueous acid. The vanadium (VI) complex, E(L 1 )V(0)(ji-OH) 2(0)v(L 1 )] 2 , also 
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has terminal oxo groups and these produce a distortion of the macrocyclic 
binding to the metal centre; the metal nitrogen bond trans to the M0 bond is 
lengthened 155. The utility of the triaza-macrocycle in stabilizing varying 
oxidation states is demonstrated again in the mixed oxo, aceto bridged 
complex, [(L 2)Mn(j.i-O)(ji-O2CCH 3 ) 2Mn(L2 )] 2 , where the manganese dimer exists 
in the (Il/Il), (Ill/Ill) and the mixed valence (111/IV) states 159.  This co-ordination 
sphere is of much interest because of possible similarities between it and 
manganese sites in meta llo-proteins, although there is little structural 
information available at present on manganese containing enzymes 160 . 
This "M0p-0)Q1-02CCH 3) 2M" core has aroused interest in iron chemistry 
because the same "Fe(ji -0)(i.i-02CCH3)2Fe" core exists in the marine 
invertebrate respiratory protein, hemerythrin 161 . The iron complexes capped 
with L 1 macrocycles are seen as models for this oxygen-carrying 
macro-molecule and the agreement between the spectroscopic properties, 
(electronic, resonance Raman and Mossbauer spectra) and the magnetic 
susceptibilities of the inorganic model compounds and met-hemerythrin is 
remarkable 162. This emphasizes the importance of the study of low molecular 
weight model complexes as a way to understanding metal lo-proteins. The 
single crystal structure of the Fe(lll/lll) dimer [(L 1 )Fe(11 -0)(M -02CCH3)2Fe(L 1 )]2 , a 
model for hemerythrin, has been reported along with the structure of the 
Fe(ll/ll) analogue, which is seen as a model for deoxyhemerythrin 163 . 
There are also a few bridged compounds that do not contain 0-donor 
bridges. The mixed valence Ru(ll)/(lll) triple chloro bridged ruthenium species,. 
[Ru 2 Cl 3 (L 1 ) 2 ] 2 [9], is formed by the hydrolysis of [Ru(L1)C13] 143  Reaction of 
[Ni(C10 4 ) 2] with L2 and NaN 3 affords the neutral [(L)Ni(N3)0.i-N3)2(N 3)Ni(L2)] or 
the triply azido bridged complex, [(L2)Ni(-N3)3Ni(L2)] 164  The latter has been 
structurally characterised 32  and shows distorted octahedral NiN 6 chromophores 
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with symmetrical N3 bridges. A pseudo trigonal bipyramidal copper complex 
with HNCN bridges, [(L 2)Cu(ji-HNCN) 2 Cu(L2)J2 , has also been characterised by 
single crystal X-ray diffraction techniques 165 . 
N 	 Cl 	 N 
Ru-Cl Ru-N 1 
Cl Nz:i 
[9] 
2.1.3. Mononuclear MA, 1:2 Complexes 
The homoleptic hexa-aza complexes, [M(L 1 ) 2] 	[101 exhibit the same 
stability and variability of oxidation state as other tri-aza complexes already 
discussed. The metal centre has a macrocycle bound to each face, forming a 
MN 6 co-ordination sphere. 
cNMN 
N' NN Z/ 
[101 
The distorted octahedral geometry arises because of the constrained binding 
mode of the ligand, which enforces small N-M-N angles of approximately 
800 133 This is not true of 1,5,9-triazacyclododecane, a 12-membered analogue 
of L 1 , which allows almost perfect octahedral symmetry, with N-M-N angles of 
only slightly greater than 900 164 The size of the macrocycle ring appears to 
have a direct effect on the stability of metal adducts formed. A study of 
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complexes prepared with 1,4,7-triazacyclodecane, 1,4,8-triazacycloundecane and 
1,5,9-triazacyclododecane, 10, 11 and 12 membered rings respectively, 
concluded that the stability of complexes varies inversely with the ring size 166 
A range of bis sandwich complexes, [M(L 1 )2] n , have been characterised for 
first-row transition metals 137 ' 16716869, M = Mn, Fe, Co, Ni in both the +2 and 
+3 oxidation states. The formation and stability of the unusual Ni(lll) species 
[Ni(L 1 )2] 3  is worthy of note. Oxidation of [Ni(L 1 ) 2 )1 2 in a variety of solvents 
produces a Ni(lll) complex that retains the original inner co-ordination sphere 
and is much more stable, with respect to decomposition, than many other Ni(lll) 
ions (ty2 > 24 hours at pH = 3) 161 . -The Ni(lll) complex formed with the acyclic 
ligand ethylenediamine, NH2CH2CH2NH2, has only transitory existence 170. A 
review of Ni(lll) complexes has been published by Chakravorty and Nag 171 . 
The synthesis and single crystal X-ray structure of [Cu(L 1 ) 2 12 has been 
reported and shows distorted octahedral symmetry with a CuN 6 
chromophore 136. The electrochemical oxidation to a highly reactive Cu(Ill) 
species is reversible only at low temperatures. The [Pt(L 1 )2]2 [11] complex is 
square planar with each macrocycle acting as a bidentate ligand 172. The single 
crystal X-ray structure of the complex shows that the third nitrogen of each 
ligand is unco-ordinated, but chemical oxidation affords the stable octahedral 
Pt(IV) species, [Pt(L') 2 ]4 , where all the nitrogen donors are bound to the metal 
centre. This oxidation presumably goes via a highly reactive Pt(Ill) species but 





2.1.4. Polynuclear Complexes 
Several systems involving polynuclear meta l-macrocycle fragments have 
been reported, and all have been characterised by single crystal X-ray 
diffraction. More complexes of this type have probably been formed but their 
identification is difficult, or impossible, without diffraction techniques. The 
tungsten trimer, ((WL 1 )3()l-OH)3(ji3-0)]4t has each metal centre bridged by a 
hydroxo group with the oxo group capping a triangular face 173. The complex 
[(MnL 1 ) 4(j.t-0) 6 ]4  is tetrameric with each Mn(ll) ion bound to three bridging oxo 
groups and the macrocyclic ligand L1 174,  [12]. A similar structure is reported 175 








Treatment of [(L 1 )Fe(H20)(i1 -0)2(H20)Fe(L 1 )] 2 with Br in alkaline solution 
yields the unusual iron octamer, [(L)6(Fe)8(113 -0)(p-OH)12] 8 [13]. In this 
structure 140  only six of the iron atoms have a facially bound macrocycle; the 
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Results and Discussion 
The aim of our work was to synthesize mixed sandwich species containing 
both carbocyclic rings and macrocyclic ligands. The chioro-bridged dimers 
[MCI2(arene)] 2 (M = Ru, arene = C 6 1­1 6, 4-MeC 6 H 4 1 Pr, C 6 Me 6; M = Os, arene = 
4-MeC6H41Pr), [MCl2Cp*]2  (M' = Rh,lr) are well known to react in polar media by 
bridge cleavage and subsequent loss of chloride, see Section 1.1, and therefore 
provide convenient starting materials for the generation of these species. The 
following section describes the synthesis and characterization of an 
iso-electronic series of mixed sandwich complexes formed with L 1 . Section 2.3 
discusses the attempts to prepare an analogous series with L 2 . 
2.2. 1,4,7-triazacyclononane 
2.2.1. Ligand Synthesis 
The macrocyclic ligand is synthesized by adding a -Ch -Ch - unit across 
the terminal N-donors of NH2(CH2) 2NH(CH 2 ) 2 NH 2 to form a nine-membered 
ring 176 . This is achieved by the route shown in Scheme 2.3. The final stage is 
to remove the protecting tosylate groups from the amines by treatment with 
concentrated sulphuric and nitric acids. The free ligand is hygroscopic and 
difficult to purify, so it is recrystallized as the tn-hydrochloride salt, a white 
microcrystalline powder, L 1 .3HCI. The macrocycle must then be deprotonated 
before use to free the nitrogen lone pairs for co-ordination. The L 1 .3HCI is 
dissolved in methanol and the pH of the solution adjusted to pH 9 by the 
addition of solid potassium hydroxide. The precipitated KCI is removed and the 


















HO 	 TsIsO 
TsCI ) 






2.2.2.1. Arene = p-cymene 
[RuCl2(4-MeC 6 H4 'Pr)]2 was dissolved in degassed methanol at 20 ° C and two 
molar equivalents of L 1 were added. There was an immediate colour change as 
the dark red of the ruthenium starting material faded, to be replaced slowly by 
the blue colour of the product. Addition of excess NaBPh 4 precipitated a blue 
microcrysta[line solid which was washed with methanol and ether, then air 
dried. 
The infra red spectrum of the new complex showed bands assigned to the 
N-H stretch (3255 cm) and bend (1623 cm - 1 ), indicating the presence of the 
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macrocyclic ligand. A peak at 465 cm was tentatively assigned to a ruthenium 
nitrogen stretch, based on comparison with other complexes of L 1 , which gave 
stretches in the region 400-480 cm 167,  and on assignment of metal-nitrogen 
stretches in hexa-ammine compounds 177. The counter ion, BPh 4 , gave very 
strong bands, unfortunately obscuring the region between 800 and 850 cm 
making it impossible to pick out a metal-arene band, (usually around 840 
cm - )50. No metal-chloride stretch was visible. 
The complex exhibited good solubility in polar solvents, such as acetone 
nitromethane and acetonitrile, and was insoluble in less polar media. Although 
it was air stable in the solid state the blue solutions turned brown, and 
deposited a brown solid, over a period of 24-48 hours, indicative of air 
oxidation to a Ru(lll) species and subsequent decomposition. 
The 1 H n.m.r. spectrum, (d 6-acetone), exhibited the characteristic p-cymene 
peaks; AB pattern (C04), septet (-CHMe 2), doublet (-CHMe2), and a singlet (Me). 
The methylene protons of L 1 gave a second order multiplet, between 6 = 2.8 
and 3.3 p.p.m.; an ABCD pattern due to the four environments of these protons, 
see Figure 2.1. This is in contrast to the singlet observed for the free ligand, at 
6 = 3.15 p.p.m. 
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The N-H proton appears at 	6 = 7.75 p.p.m. in d 6-acetone 	as a very broad 
resonance. Methanol of crystallization shows up as a singlet at 6 = 3.40 p.p.m.. 
The 13C n.m.r. spectrum showed the expected peaks for the p-cymene ligand 
and a singlet at 6 = 50.33 p.p.m. for the methylene carbons of L 1 , indicating 
symmetrical co-ordination to the metal. 	Integration of the peaks in the n.m.r. 
spectrum suggests a ratio of 
2BPh4 	: 	p-cymene L 1 	: 	MeOH 
which is consistent with the formulation [Ru(L 1 )(4-MeC6H 4 'Pr)] (BPh 4 ) 2 .MeOH. 
Crystals suitable for X-ray structure determination were obtained from the 
reaction mother liquor, to which excess sodium tetra-phenyl borate had been 
added and some product filtered off. This was left at 255K for 3 days and pale 
green plates formed. A proton n.m.r.,confirmed these to be the same material 
as the bulk product. 
Single Crystal X-ray Structure of [Ru(L 1 )(4-MeC6H 4 'Pr)](BPh 4)2.MeOH 
Details of the structure solution are given in the Experimental Section. 
Selected bond lengths are given in Table 2.4, bond angles in Table 2.5 and 
torsion angles in Table 2.6. An ORTEP plot showing the molecular structure of 
the cation is presented in Figure 2.2. 
50 
Figure 2.2 	ORTEP Diagram of 
[Ru(L 1 )(4-MeC 6 H41 Pr J 2 
The crystal was poorly diffracting and produced very weak intensity data, 
making the structure solution difficult and the overall refinement unsatisfactory. 
This is in spite of the fact that it was the second data set collected; the first 
gave data that were so weak that structure solution was impossible and those 
data had to be abandoned. The poor final R-factor, R = 0.138, H = 0.164, and 
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high e.s.d.'s make a detailed analysis of the structure very difficult. However, 
the structure does confirm the formulation and provide limited information 
concerning molecular geometry. 
The ruthenium atom has distorted octahedral co-ordination with the 
p-cymene ring occupying one face and the tri-aza macrocycle symmetrically 
bound to the other. The metal nitrogen bond lengths ([A]) are not significantly 
different but are longer than Ru-N distances ([B]) reported 11 by Wieghardt for 
the complex [(L 1 )Ru(3.i-OH)2(p-0 2CH 3)Ru(L 1 )] 3 but considering the high error 
limits associated with this structure this may not be significant. 
Table 2.1 Comparison of the Ruthenium Nitrogen Bond Distances in 
[RuçL')(p-cym)J 2 [Al and 
[(L )Ru(OH) 2 (02 CCH 3 )Ru(L 1









The distorted octahedral environment of the metal centre is created by the 
constrained binding mode of the ligand 32 which forces small N-Ru-N angles of 
of approximately 81 0 . The geometry of the macrocycle is similar to that 
reported for other structures, see Section 2.1, reflecting the rigidity of L 1 . The 
distance from the ruthenium centre to the plane of the arene is 1.70 A which is 
comparable to ruthenium arene distances found in other structures 1,10,49,50.  The 
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p-cymene ring does not appear to be distorted from planarity. 
2.2.2.2. Arene = hexamethylbenzene 
The complex [Ru(L 1 )(C 6 Me 6)](BPh 4 ) 2 can be readily prepared using a similar 
route to that described for [Ru(L 1 )(4-MeC 6 H 4 'Pr)](BPh 4 ) 2, the product being 
isolated as a purple powder. The infra-red spectrum shows peaks for the N-H 
stretch (3265 cm -1 ), bend (1612 cm -1 ) and Ru-N stretch (465 cm -1 ). The 1 H 
n.m.r. spectrum in d 6-acetone gives a singlet for the methyl groups of C 6 Me 6 
(6 = 2.32 p.p.m.) and a multiplet for the methylene protons of L 1 , 
(6 = 2.6-3.3 p.p.m.). 
2.2.2.3. Arene = benzene 
The [RuC12(C6H 6)]2 dimer also reacts with L 1 in methanol, giving a deep blue 
solution. The complex, [Ru(L 1 )(C 6 H 6)] 2 , can be isolated as the PF 6 salt, as a 
light green powder. The mixed sandwich complex showed the expected infra 
red, (N-H stretch and bend), and 1 H n.m.r., (C 6 H6 singlet at 6 = 5.90 p;p.m., L 1 
multiplet at 6 = 2.4-3.3 p.p.m., in CD 3CN), spectra. The 1 H n.m.r. spectrum 
clearly shows the resonances of the macrocyclic ligand with a complicated 
second order multiplet for the methylene protons and a broad peak for the 
amine protons, see Figure 2.3. 
The complexes [Ru(L 1 )(arene)] 2t (arene = C 6 1­1 6, 4-MeC 6 H 4 1 Pr, C 6 Me 6), all 
show irreversible electrochemical oxidations, presumably to Ru(lll) species 
which subsequently lose the co-ordinated arene. 
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If, however, the mother liquor from the reaction between [RuC1 2(C 6H 6)]2 and 
L 1 is not treated with counter ion, but is allowed to stand at 255K for several 
days an orange solid precipitates from the blue solution. The new complex 
showed an infra red spectrum very similar in overall morphology to that of the 
starting material, [RuCl 2 (C 6 H 6 ]2, possibly indicating the the presence of this 
moiety in the structure. In addition macrocyclic bands were present,(v(N-H) 
3195 cm -1 , 6(N-H) 1618 cm -1 ) along with a strong ruthenium-chloride stretch 
at 279 cm -1 . The solid was soluble only in co-ordinating solvents, such as 
water or dmso, and the 1 H n.m.r. spectrum (13 20) showed this solubility to be 
due to the breakdown of the complex. Three resonances were observed at 
6 = 6.20, 6.10 and 5.95 p.p.m., which are probably attributable to ruthenium 
benzene solvated species. A similar pattern has been observed 9 for 
[RuCl2(C 6H6)] 2  dissolved in D20, and the three singlets assigned to the species 
[RuCl 2 (D 20)(C 6H 6)J, [RuCI(D 20) 2(C6H6)]' and [Ru(D 20) 3(C 6 H 6 )] 2 '. The ligand, L 1 , 
gave a multiplet, (Ch 6 = 2.7-3.3 p.p.m.), indicating that it was bound to the 
metal. Integration of the peaks in the n.m.r. gave a ratio of 
3(C 6 H 6) 	L 1 
The CHN analysis results also gave an empirical ratio of three benzene rings to 
each macrocyclic Iigand, (assuming C 6 1­1 6 and L 1 to be the only source of 
carbon, hydrogen and nitrogen in the complex), and this suggested a 
formulation of {(RuCl 2 (C 6 H 6)]3 L 1 }. A possible structure to fit this formulation is 
shown in Figure 2.4, where the tri-aza macrocycle acts as monodentate ligand 
and binds three ruthenium centres. All the available evidence, including 
excellent agreement between the calculated and found C,H,N analysis figures, 
support this type of structure but it is impossible to rule out other polymeric 
alternatives. It did not prove possible to obtain mass spectral data on this 
complex. This emphasizes the reliance on X-ray crystallography as the only 
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Such polymeric products have not been detected in the reactions of the 
p-cymene and hexamethylbenzene species. This atypical behaviour of the 
benzene species is found elsewhere in ruthenium chemistry, and has been 
attributed to the small size of the C 6 H 6 ligand compared to substituted 
arenes 4950 ' 51 . Reaction of [RuCl 2 (arene)] 2, (arene = 1,3,5-C 6 H3Me3, C 6 Me 6 , 
4-MeC 5 H 4 1 Pr), with sodium carbonate in aqueous media affords the triple 
hydroxo-bridged species, [Ru 2(p-OH) 3 (arene) 2] However, reaction of the 
benzene analogue, (arene = C 6 H 6), yields the novel tetra-nuclear complex, 
[Ru4(C6H6)4(4-OH)4(0)] 4t see Section 1.1., a species that-cannot be formed by 
substituted arenes because of the steric size of the side-chains 49 . 
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2.2.3. Osmium 
There are only a few known third row transition metal complexes 3 ' 62238' 39 
incorporating L 1 or L2 and no report to date of any osmium species. The 
paucity of such macrocyclic species is due partly to the greater inertness 
(higher activation energy) of bonds to third row metals 209, which makes 
synthesis more difficult. Therefore, it was of great interest that the synthetic 
route utilised for ruthenium-arene compounds also produced an osmium mixed 
sandwich complex. 
Addition of L 1 to a solution of [OsCl2(4-MeC 6 H 4 'Pr)] 2 in degassed methanol 
at room temperature produced an immediate fading of yellow colour, indicating 
reaction of the osmium dimer. Addition of excess of sodium tetra-phenyl 
borate to the resulting clear solution precipitated a white solid, which was 
recrystallized from a nitromethane/diethylether mix. 
The spectroscopic data for this complex are directly comparable to those 
for the ruthenium mixed sandwich, [Ru(L 1 )(4-MeC 6 H 4 'Pr)](BPh 4) 2, see Figure 2.5. 
The infra red spectrum indicates the presence of the macrocycle, (v(N-H) 3245 
cm - ', 5(N-H) 1621 cm -1 , and '(Os-N) 467 cm -1 ), and the 1 H n.m.r. spectrum 
clearly shows the p-cymene ring. Integration of the peaks suggests a ratio of 
p-cymene : L 1 : 2BPh 4 
There is also a singlet for nitromethane of crystallization at 6 = 4.33 p.p.m.. 
C,H,N analysis confirms the formulation as [0s(L 1 )(4-MeC 6 H 4 'Pr)](BPh 4 ) 2 .CH 3 NO 2 . 
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Figure 2.5 	1 H N.M.R. Spectrum of 
[M(L1 )(4-MeC 6 H4 1 Pr)](Bph4 ) 2 	M = Ru,Os 
R 
 _:I 2+ 	
in CD3COCD 3 
P.P.M. 	 44 	 2 
FA j.iii. 	 1 	b 	5 	4 	3 	2 	1 	0 
2.2.4. Rhodium 
The rhodium chioro-bridged dimer, [RhCl2Cp*]2,  reacts in a similar way to 
its ruthenium arene analogues, see Section 1.2. Addition of L 1 to a solution of 
this dimer in methanol at room temperature affords the mixed sandwich cation, 
[Rh(L1)Cp*]2+, which can be precipitated as either the BPh 4 or PF6 salts. 
The infra red spectrum of the product shows the macrocycle peaks, ((N-H) 
3255 cm -1 , 6(N-H) 1612 cm -1 ), and also a peak at 468 cm -1 which was 
assigned to a rhodium-nitrogen stretch. L 1 shows a second order multiplet in 
the 1 H n.m.r. spectrum at 6 = 2.8-3.3 p.p.m., and the cclopentadienyl methyl 
groups appear as a singlet at 6 = 1.83 p.p.m.. The 13C n.m.r. spectrum shows 
two singlets at 6 = 7.73 p.p.m., due to the methyl carbons of the Cp*  ligand, 
and 6 = 50.07 p.p.m., for the methylene carbons of L 1 . Integration of the peaks 
in the 1 H n.m.r. spectrum and the C,H,N analysis figures support the 
formulation, [Rh(L1)Cp*]X2  (X = BPH 4 , PF6 ). 
This complex can be crystallized from a variety of polar solvents, (acetone, 
nitromethane, acetonitrile), and is air and moisture stable. However, it has not 
proved possible to obtain a single crystal X-ray structure. A diffraction data set 
was collected on a yellow crystal of [Rh(L1)Cp*J(PF6)2,  obtained from an 
acetone/hexane mix, but the structure would not solve. 
2.2.5. Iridium 
Despite the greater inertness of bonds to iridium, the chloro-bridged dimer, 
[IrCl2Cp*]2, reacts with L 1 in methanol as readily as its rhodium analogue. This 
ease of reaction is particularly remarkable considering that there is no report to 
date of an iridium triaza-macrocyclic species. The iridium mixed sandwich 
complex, [lr(L1)Cp*](BPh4)2  is obtained as a white powder, the spectroscopic 
data for which are comparable to those obtained for the rhodium mixed 
sandwich complex, [Rh(L1)Cp*](BPh4)2,  (infra red spectrum: v(N-H) 3250 cm 1 , 
5(N-H) 1615 cm -1 , '( Ir-N) 468 cm 1 ; 1 H n.m.r. spectrum: L 1 broad singlet 
6 = ,2.86 p.p.m., Cp*  singlet 6 = 1.70 p.p.m.; 13C n.m.r. spectrum: L 1 singlet 
6 = 52.32 p.p.m., C 5 Me 5 singlet 6 = 8.11 ppm.). 
2.3. N,N',N"-trimethyl- 1 ,4,7-triazacyclononane 
This section describes the attempts to prepare analogues of the mixed 
sandwich complexes described in Section 2.2, using the methylated 177,178 
macrocyclic ligand, L 2. The main differences between the type of complex 
formed by L 1 and L 2 are discussed in Section 2.1.1, but these are primarily 
concerned with the additional steric bulk of the methyl groups. This is of 
particular importance in the synthesis of mixed sandwich species and the steric 
hindrance of L 2 is proposed as the reason for the failure of some of the 
reactions described below. 
2.3.1. Ligand Synthesis 
1,4,7-triazacyclononane was methylated by treatment with 98% formic acid 
and formaldehyde, see Scheme 2.4. The product was then recrystallized from 











i 12 was dissolved n methanol and two molar equivalents of L2  
were added. The reaction mixture was stirred at room temperature for an hour, 
during which time the orange colour, due to rhodium starting material, 
lightened considerably. The product was precipitated as both the BPh 4 and 
PF6 salts, and recrystallization of these yellow powders from a 
nitromethane/diethylether mix yielded orange crystals. 
The infra red spectrum showed close similarities to the spectrum of 
[Rh(L1)Cp*]2+, but there were obviously no N-H bands present. A peak 
assigned to a rhodium-nitrogen stretch appears at 465 cm -1 . The C,H,N analysis 
figures support the formulation as the mixed sandwich complex, [Rh(L2)Cp*1X2 
(X = BPh 4, PF6). 
The 1 H n.m.r. spectrum showed the expected peaks for Cp*,  (singlet, 
6 = 1.66 p.p.m.), and BPh 4 , (multiplet, 6 = 7 p.p.m.), but the resonances for the 
bound macrocycle, L 2, appeared as two singlets at 6 = 3.16 and 3.54 p.p.m. The 
ratio of these peaks was 3:4 and they were assigned to the 9 methyl and 12 
methylene protons of the macrocyclic ligand, respectively. The free ligand 
spectrum also consists of two singlets, (CH 2, 6 = 2.91 p.p.m.; CH 3, 6 = 3.43 
p.p.m.), but on co-ordination of the nitrogens to the metal centre the 
methylene protons would be expected to become inequivalent. 
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In an attempt to analyse any fluxional processes occurring in the system  a 
variable temperature 1 H n.m.r study was carried out on the complex, 
[Rh(L2)Cp*](PF6)2. The spectrum was recorded at 100  intervals from room 
temperature down to 193K. The singlet, due to the methylene protons of L 2 , 
broadened and began to show some fine structure as the fluxionallity was 
slowly frozen out, see Figure 2.6. The singlet for the methy! groups did not 
change. However, the most interesting peak in the spectrum was that of water, 
which started at - = 2.7 p.p.m. and shifted up to 6 = 3.7 p.p.m. at 193K. It is 
not unusual for water peaks to shift with temperature but in this case the peak 
split into a doublet as it cooled. This suggests that there are two water 
environments, and this may be due to some form of hydrogen bonding of the 
water into the rear cavity of the macrocycle, see Section 3.3. 
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Figure 2.6 	Variable Temperature 1 H N.M.R. Spectra 
of [Rh(L2 )Cp](PF6 ) 2 in CD3 COCD 3 
-50°C 
ppm. 35 	3:0 	2:5 	3.5 	3:0 	25 
Single Crystal X-Ray Structure of (Rh(L2)Cp*](PF6)2 
Details of the structure solution are given in the Experimental Section. 
Selected bond lengths are given in Table 2.7, bond angles in Table 2.8 and 
torsion angles in Table 2.9. An ORTEP plot showing the molecular structure of 
the cation is presented in Figure 2.7. 
A yellow tabular crystal was grown from an acetone/hexane mix and this 
- produced strong diffraction data. The final R-factors, (R = 4.28%, R = 5.69%), 
showed good agreement between observed and calculated models. However, 
there were many problems associated with this structure and the inaccuracy 
was reflected in high e.s.d.'s rather than the R-factors. There is a highly 
unusual distortion of the cyclopentadienyl ring, caused by the methyl groups 
on the macrocyclic ligand, and this may be responsible for disorder in the 
crystal. 
The rhodium atom has a distorted octahedral geometry with the 
pentamethylcyclopentadienyl ligand bound to one face and the tri-aza 
macrocycle bound to the other face. L 2 is not symmetrically co-ordinated as 
the rhodium nitrogen distances are significantly different; Rh-N1 2.195(12), 
Rh-N4 2.237(11), Rh-N7 2.155(14)A. The N-Rh-N angles are equal, within error 
limits, with the average being 79.9(9) 0 . The methyl groups on the nitrogen 
donors are orientated towards and over the metal centre to such an extent that 
they cause a severe distortion of the Cp*  ligand. This distortion manifests itself 
in a variety of ways but the most dramatic of these involves the bending back 
of the methyl groups on the C5 ring, which is clearly visible in Figure 2.7. The 
distance of bend back out of the C 5 plane is shown in Table 2.2. Every methyl 
group is on the opposite side of the plane to the rhodium atom, with C1RS 
showing the greatest displacement of 0.328A. 
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Figure 2.7 
ORTEP Diagram of [Rh(L2c]2 
Table 2.2 Distortion of the Cp
* 
 L, gand in 
the Structure [Rh(L')Cp j2+• 







The three methyl groups on the macrocycle cannot interlock completely 
with five methyl groups on the carbocyclic ring and there will be varying 
degrees of bend-back depending on the amount of steric contact, and this also 
explains the different rhodium nitrogen distances. 
The C5 ring itself is slightly buckled but despite this, the methyl bend-back 
can be quantified by torsion angles , e, between the methyl groups and the 
ring, e.g. the torsion angle C1RS-C1R-C2R-C3R measures the angle between 






In an ideal structure the C1RS methyl group would lie in the plane of the 
ring, i.e. the torsion angle would equal 1800.  However, if there is any bending 
out of that plane, the deviation of the torsion angle from 180 ° gives a direct 
measure of the distortion. Some selected torsion angles are listed in Table 2.3 
and this again shows MRS and C4RS to be the most affected. 
Table 2.3 Distortion of the Cp
* 
 Ligand * 
in the Structure of (Rh(L2)Cp j2+• 







Addition of L2 to a solution of [lrCl2Cp*]2  in methanol at room temperature 
did not produce a reaction, so the mixture was refluxed under nitrogen for one 
hour. During this time the colour of the solution changed from peach to yellow 
and addition of excess of NaBPh 4 precipitated a yellow/brown solid. 
Unfortunately, the 1 H n.m.r.spectrum of the product showed it to be a mixture 
of complexes and, because of the small yield, it did not prove possible to 
isolate a pure sample of the mixed sandwich complex. However, by comparison 
with the spectra for the fully characterised rhodium compound, the infra red 
and 1 H n.m.r. spectra showed good evidence for the presence of 
(lr(L2)Cp*](BPh4)2. The 1 H n.m.r. shows peaks for the macrocyclic ligand, (CH 2 , 
singlet S = 3.54 p.p.m.; CH 3, singlet 5 = 3.16 p.p.m.), and a singlet for the Cp* 
ligand, (S = 1.60 p.p.m.). The metal-nitrogen stretch in the infra red is seen at 
465 cm- . 
M. 
2.3.4. Ruthenium 
All attempts to prepare mixed sandwich species by addition of L 2 to 
[RuC1 2(arene)] 2, (arene = 4-MeC 6 H 4 1 Pr, C 6 Me 6), have failed; only unreacted 
starting materials have been isolated from these reactions. The most likely 
reason for these failures is steric bulk of the substituted arenes preventing the 
spatially demanding macrocyclic ligand from binding to the ruthenium centre. 
The methyl groups on the macrocycle are known to project over the metal 
centre, when L 2 is co-ordinated, see Figure 2.7, but this space is already 
occupied by the side chains on the arene ring and the mixed sandwich complex 
cannot therefore be formed. A similar argument is evoked to explain why the 
bis sandwich complexes, [M(L2)2], are not known. 
At 	first glance, 	it may seem strange that 	L2 can 	co-ordinate to 	a 
"Rh(C 5 Me5 )" fragment, yet steric factors prevent it 	co-ordinating to 	a 
"Ru(C 6Me6)" fragment. However, this can be explained by considering the 
distance from the plane of the carbocyclic ring to the metal centre; in order to 
keep a similar M-C bond distance the smaller C5 ring must be further away 
from the metal, see Figure 2.9. 
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Figure 2.9 
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The [Rh(L2)Cp*]2+  complex has a metal to ring plane distance of 1.84A, but 
ruthenium to arene plane distances are generally 0.2A shorter than this, in the 
range 1.60-1.70A . The (Rh(L2)Cp*]2 system is already highly strained, with 
the Cp*  ligand distorted to allow for the steric interference with the methyl 
groups on the macrocycle, but to form a species where the carbocyclic ring 
would ideally be placed 0.2A closer to the-metal is sterically unlikely. 
Electrochemistry 
The electrochemistry of the complexes [Rh(L)Cp*]2+  (L 	L 1 , L2) is discussed in 




Microanalyses were carried out by the University of Edinburgh Chemistry 
Department. Infra-red spectra were recorded on a Perkin-Elmer 598 
Spectrometer in the region 4000-200 cm using the KBr Disc method. 1 H n.m.r. 
spectra were recorded on Brucker WP80SY and WP200SY Spectrometers. 
n.m.r. were recorded using the WP200SY instrument. 
Single Crystal Structure Determinations 
The following computer programs were used in the solution and refinement of 
the crystal structures; SHELX76 
181  SHELX86 182  CALC 183  DIRDIF 184  The 
scattering factor curves for elements not inlaid in SHELX76, (Ru, Os, Rh), were 
taken from Ref. 185. The graphics programs ORTEP 186  and PLUTO 187  were 
used to obtain plots of the molecules. 
Materials 
The platinum metal salts were generously supplied by Johnson Mattey p.l.c.. 
[RuCI3.xH20] was purified before use by repeated boiling to dryness of an 
aqueous solution of the metal salt, driving off any HCI present. [RhCl3.3H20], 
[lrCl3.3H201 and K2[OsCl 6] were used as supplied. 1,3-hexadiene, 
cx-phallanderene, hexamethylbenzene and hexamethyl-Dewarbenzene were 
obtained from normal commercial suppliers and used as received. C 5 Me 5H was 
prepared by literature methods 180 and used undistilled. 
The complexes [RuC1 2(arene)] 2, (arene = C 6 1­1 6, p-cymene), were prepared by 
dehydrogenation of the appropriate cyclohexadienes, (1,3-cyclohexadiene, 
ct-phellanderene) 2.3.4  [RuC12(C6Me 6 )1 2 was synthesized by an arene exchange 
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reaction, 	using 	[RuCl2(p-cym)1 2 	in 	molten 	hexamethy!benzene 	39,40 
[OsCl 2(p-cym)] 2  was formed by reaction of Na2[OsC16] and ct-phellanderene 
under argon for 72 hours 6 [RhCl2Cp*]2 was prepared by dehydrogenation of 
C5 Me 5 H on [RhCI3.3H20] 72.73 •  [lrCl2Cp*]2 was made by reaction of [IrCI 3.3H 20] 
with hexamethyl Dewar benzene 75 
The macrocycle L 1 was synthesized by published procedures 176  as the 
tn-hydrochloride salt, which was neutralized with KOH in methanol before use. 
L2 was prepared by methylation 177 ' 178 of L 1 and was again used as a 
neutralized methanolic solution. 
All reactions were carried out under dry nitrogen, although the isolated 
complexes were stable in the solid state. The 1 H n.m.r. data for the new 
complexes is listed in Table 2.10. 
2.4.1. Reactions with 1,4,7-triazacyctononane. 
Single Crystal Structure Determination of 
[Ru(4-MeC6H6 'Pr)L 1 1(BPh 4)2.MeOH. 
Crystals were obtained by cooling the methanolic mother liquor of the reaction 
between [RuC12(4-MeC 6 H 4 1 Pr12  and L 1 to which excess NaBPh 4 had been added. 
Crystal Data 
[C 26 H 29 N 3 Ru]2 t2(C 24 H 20B).CH 40. M = 1035.0. Monoclinic, a = 18.245(12) , b = 
12.575(16), C = 22.708(16) A, 8 = 90.618(15) 0 , V = 5284 A 3 (by least squares 
refinement on diffractometer angles for 11 centred reflections, X = 0.71069A), 
space group P21 1a Z = 4, D = 1.319 gcm 3. Pale green plates. Crystal 
dimensions 0.52x0.16x0.06 mm, 11(MoKa) = 3.06 cm 1 . 
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Data Collection and Processing 
STADI-2 diffractometer, w mode with scan width 1.5 0 + 0.75(sinij/tane) ° 
graphite monochromated MoK(j radiation; 6087 reflections measured, 
(2.5<0<22.5 0 , h -20-)-.20, k 0-13, / 0-*24), giving 2256 with F > 4o(F ), no 
absorption correction, no crystal decay. 
Structure Analysis and Refinement 
Patterson synthesis (Ru) followed first by tangent expansion then by iterative 
cycles of least-squares refinement and difference Fourier syntheses revealed 
the positions of all non-hydrogen atoms. Full-matrix least-squares with 
idealized phenyl rings for BPh 4  moieties, H atoms in calculated positions and 
anisotropic thermal motion for Ru. Inter-layer scale factors refined. The 
weighting scheme 471 = a2(F ) + 0.003919F 2  gave satisfactory agreement 
analysis. Final Rand R are 0.138, 0.164 for 211 parameters and the final AF 
synthesis showed max. peak and mm. trough of 1.17, 1.32 eA 3 . 
[Ru(4-MeC6H6Pr)L 1 ](BPh 4 ) 2 .MeOH 
i) [RuCl2(4-MeC6H4 1 Pr)]2 (50mg. 0.081mmole) was dissolved in degassed 
methanol (40cm 3) and a solution of L 1 (1.62mmole) in methanol was added. The 
reactants were stirred for 30 minutes at room temperature, during which time 
the colour changed from the deep red of the ruthenium starting material to the 
deep blue of the product. Addition of excess NaBPh 4 precipitated a blue 
microcrystalline product which was washed with methanol (lOmi.) and 
diethylether (30ml.) and air-dried. Yield 49mg.,58%. Mol.Wt. 1035.0 (Found C, 
74.3; H, 6.87; N, 4.33%. CaIc. for C65H73B2N 3ORu C, 75.2; H, 7.04; N, 4.34%) 
I.R. Spectrum (KBr Disc) v(N-H) 3255 cm 1 , 
6(N-H) 1623 cm -1 , \(Ru-N) 465 cm -1 . Other bands: 1579, 1429, 1269, 1185, 
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1154, 1029, 853, 735, 705, 610, 489 cm -1 
[Ru(C 6 Me 6)L'](BPh4)2.CH3NO2 
Method as for (i) above using [RuCl 2 (C 6 Me 6)] 2  (50mg.,0.076mmole) and L 1 
(0.142mmole). The product was obtained as a brown solid which was 
recrystallized from nitromethane/diethylether mix to give a light purple powder. 
42mg. 54%. Mol.Wt. 1031.02. (Found C,74.5; H, 7.03; N, 4.64%. CaIc. for 
C67H 76B2N 402Ru C, 73.7; H, 6.97; N, 5.13%.) I.R. Spectrum (KBr Disc): v(N-H) 
3265 cm, 6(N-H) 1612 cm -1 , v(Ru-N) 465 cm -1 , v(Ru-Cl) 290 cm". Other 
bands: 3050, 2980, 1578, 1478, 1447, 1423, 1388, 1265, 1135, 1088, 1063, 1036, 
959, 845, 735, 705, 610 cm 1 . 
Ru(C6H6)(L 1 )](PF6)2 
Method as for (i) above using [RuC1 2(C 6H6)]2 (50 mg., 0.1 mmole) and L 1 (0.2 
mmole). Excess NH 4PF6 was added to the reaction mixture and the solvent 
removed on a rotary evaporator. The residue was dissolved in acetone and 
addition of diethylether precipitated a light green solid. 31 mg., 52%. Mol. Wt. 
598.1. (Found C, 23.7; H, 3.49; N, 7.50%. CaIc. for C 12 H 21 F 12 P 2Ru: C, 24.1;H, 3.51; 
N, 7.02%.) I.R. Spectrum (KBr Disc): v(N-H) 3320 cm -1 , 6(N-H) 1619 cm -1 , 
v(Ru-N) 450 cm -1 . Other bands: 3600, 3095, 2920, 1478, 1459, 1435, 1368, 
1265, 1151, 1106, 1055, 1029, 979, 850, 560, 390, 368 cm 1 . 
[Os(4-MeC6H4 'Pr)L 1 ](BPh4)2.CH3NO2 
Method as for (i) above using [OsCl2(4-MeC6H 4 1 Pr)]2 (30mg.,0.038mmole) and L 1 
(0.076mmole). The product was obtained as a - white solid which was 
recrystallized from a nitromethane/diethylether mix to give white 
micro-crystals. 27mg., 65%. Mol.Wt. 1092.10. (Found C, 67.5; H, 6.21; N, 4.24%. 
CaIc. for C641-1691321\130s: C,67.7; H, 6.25; N, 4.86%.) I.R. Spectrum (KBr Disc) 
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v(N-H) 3245,1621 cm -1 , v(Os-N) 467 cm -1 . Other bands: 3050, 3000, 2980, 
1578, 1478, 1424, 1385, 1265, 1103, 1050, 1021, 1000, 970, 845, 805, 754, 735, 
705, 610 cm -1 
[RhC p *L1](BPh 4) 2 
Method as for (i) above using [RhCl2Cp*]2 (5Omg.,0.O8lmmole) and L 1 
(0.162mmole). The product was obtained as a yellow powder. 50mg., 62%. 
Mol.Wt. 1005.80. (Found C, 75.0; H, 6.84; N, 3.57%. CaIc. for C6 4 H 70 B2 N 3Rh: C, 
76.4; H, 7.01; N, 3.57%.) I.R. Spectrum (KBr Disc) \(N-H) .3255 cm - ', 6(N-H) 1612 
- cm -1 , v(Rh-N) 468 cm -1 . Other bands: 3045, 1578, 1478, 1447, 1425, 1380, 
1265, 1032, 958, 847, 735, 705, 610 cm 1 . b) Method as for a) above except 
that the product was precipitated as the PF 6 salt by the addition of excess 
NH4PF 6 in water to the methanolic reaction mother liquor. The product was 
obtained as a yellow powder which was recrystallized from an acetone/hexane 
mix to give yellow crystals. 25.5mg., 48%. Mol.Wt. 657.14. (Found: C, 28.0; H, 
4.48; N, 6.40%. CaIc. for C16H 30F 12 N 3 P2Rh: C,29.2; H, 4.60; N, 6.40%.) 
[lrCp*L1 ](BPh4)2 
Method 	as 	for 	(I) above 	using 	[lrCl2Cp*]2 (30mg., 	0.038mmole) 	and 	L 1 
(0.075mmole). 	The product was 	obtained 	as a 	white 	powder 	which was 
recrystallized 	from a 	nitromethane/diethylether mix. 	I.R. Spectrum 	(KBr Disc) 
u(N-H) 3250 cm -1 , 6(N-H) 	1615 cm -1 , 	 v(lr-N) 468 cm -1 . 	 Other bands: 3530, 
3055, 2980, 2920, 1578, 	1478, 	1448, 	1422, 	1384, 1265, 	1094, 	1045, 	1032, 1020, 
967, 845, 735, 705, 610 cm 1 . 
[Ru 3CI 6(C6 H 6 ) 3 ] 	 - 
[RuCl2(C5H6)12 (50mg.,0.1mmole) was suspended in degassed methanol (30m1.) 
and a methanolic solution of L 1 (0.2mmole) was added. The mixture was gently 
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refluxed under nitrogen for an hour, during which time the red ruthenium 
starting material dissolved and reacted to give a green solution. This solution 
was filtered to remove some black ruthenium residue and the filtrate reduced 
in volume (lOmI.), on a rotary evaporator, and allowed to stand at 255K for 
three days. An orange micro-crystalline solid precipitated and this was filtered 
off, washed with methanol and ether and air-dried. 25mg.,29%. Mol.Wt. 879.48. 
(Found: C, 32.0; H, 3.73; N, 4.62%. CaIc. for C 24 H 33 C1 6 N 3 Ru 3 : C, 32.8; H, 3.78; N, 
4.78%. I.R. Spectrum (KBr Disc) '(N-H) 3195 cm -1 , 6(N-H) 1618 cm - ', (Ru-Cl) 
279 cm -1 . Other bands: 3540, 3478, 3158, 3050, 1432, 1150, 1105, 1055, 980, 
840, 615, 375, 230 cm 1 . 
2.4.2. Reactions with N,N',N"-trimethyl- 1 ,4,7-triazacyclononane 
Single Crystal Structure Determination of [RhCp*L2](PF6)2 
Crystals were obtained from a solution of the complex in an acetone/hexane 
mix. 
Crystal Data 
[C19H38N3Rh] 2 .2PF6. M= 701.25. Orthorhombic, a= 21.131(12), b= 9955(3), c 
13.154(8) A, V= 2767A 3, (by least-squares refinement on diffractómeter angles 
for 14 centred reflections, X = 0.71069A), space-group Pnma, Z= 4, D = 1.683 
gcm 3 . Orange tablets. Crystal dimensions 0.62x0.23x0.77mm, i.L(Mo-K) = 7.72 
cm 1 . 
Data Collection and Processing 
AED-2 four-circle diffractometer, w-2e mode with w scan width 1.05 0 + 
0.347tane 0 , graphite-monochromated Mo-Ku radiation; 2662 reflections 
measured (2.5-<e<25 ° , / 0-.11, k0-15, /0+22), giving 1960 with F >6c.i(F), no 
76 
absorption correction, no crystal decay. 
Structure Analysis and Refinement 
Patterson synthesis (Rh) followed by iterative cycles of least-squares 
refinement and difference Fourier syntheses revealed the positions of all the 
non-H atoms. Full-matrix least-squares refinement with the methyl groups on 
the cyclopentadienyl allowed to refine as rigid groups, all other H-atoms in 
calculated positions and anisotropic thermal motion for Rh, P. F and N atoms. 
The weighting scheme, w 1 = (72 (F) + 0.000313F 2, gave satisfactory agreement 
analysis. Final R and R are 0.0428 and 0.0569 for 239 parameters refined and 
the final AFsynthesis showed max. peak and mm. trough of 0.55,1.24 eA 3 . 
[RhC p *L2](BP h4 ) 2 
(i)a)[RhCl2Cp*]2 (50mg., 0.081mmole) and L 2 (0.16mmole) were stirred together 
in methanol (40 cm 3)  under nitrogen for one hour. During this time the orange 
colour of the solution lightened considerably. The mixture was filtered and the 
addition of excess NaBPh 4 precipitated a yellow powder which was 
recrystallized from a nitromethane/diethylether mix to give orange crystals. 
42mg.,50%. Mol.Wt. 1047.89. (Found: C, 76.1; H, 7.27; N,4.10%. CaIc. for 
C67H 76B2 N 3Rh: C, 76.8; H, 7.31; N, 4.01%.) I.R. Spectrum (KBr Disc) \(Rh-N) 465 
cm -1 . ( i)b) PF 6  Salt. Method as for (i)a) above except that the product is 
precipitated as the PF 6 salt by the addition of excess NH 4 PF6 in water to the 
reaction filtrate. The product was obtained as a yellow powder which, on 
recrystallization from a acetone/diethylether mix, gave orange crystals. 23mg., 
41%. Mol.Wt. 699.3. (Found: C, 31.5; H, 5.12 N, 5.88%. CaIc. for 
C 19H 36F 2 N 3 P 2 Rh: C, 32.6; H, 5.19; N, 6.01%.) I.R. Spectrum: 3000, 2938, 2830, 
1478, 1458, 1422, 1377, 1298, 1158, 1121, 1066, 1011, 977, 830, 790, 751, 555, 
452, 425 cm- . 
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[lrCp * L2](BPh4)2 
Method as for (i) above using [lrCl2Cp*]2  (30mg.,0.038mmoIe) and L 2 
(0.076mmole). The reaction had to be refluxed for an hour and the product was 
obtained as a brown/yellow solid. I.R. Spectrum (KBr Disc) u(lr-N) 465 cm 1 . 
78 
Table 2.4 
Selected Bond Lengths for [Ru(L 1 )(4-MeC 6 H4 Pr) ] (BPh 4 ) 2 .MeOH. 
Bond Lengths(A) with standard deviations 
Ru - N(1) 2.11(3) C(9M) - Ni 1.47(6) 
Ru - N(4) 2.14(3) C(1R) -C(2R) 1.37(5) 
Ru - N(7) 2.15(3) C(1R) -C(6R) 1.43(5) 
Ru -C(1R) 2.23(3) C(1R) -C(1RS) 1.49(5) 
Ru -C(2R) 2.20(3) C(2R) -C(3R) 1.47(5) 
Ru -C(3R) 2.16(4) C(3R) -C(4R) 1.34(6) 
Ru -C(4R) 2.29(4) C(4R) -C(5R) 1.40(5) 
Ru -C(5R) 2.20(4) C(4R) -C(2RS) 1.48(7) 
Ru -C(6R) 2.21(3) C(5R) -C(6R) 1.44(5) 
N(1)-C(2M) 1.49(6) C(2RS)-C(3RS) 1.29(8) 
C(2M)-C(3M) 1.40(6) C(2RS)-C(4RS) 1.49(7) 
C(3M)- N4 1.48(5) 6(1) .-C(111) 1.67(4) 
N(4)-C(5M) 1.45(5) 6(1) -C(121) 1.72(4) 
C(5M)-C(6M) 1.41(6) B(1) -C(131) 1.74(4) 
C(6M)- N7 1.43(5) B(1) .-C(141) 1.65(4) 
N(7)-C(8M) 1.47(6) 0(1) - C(1) 1.21(9) 
C(8M)-C(9M) 1.38(7) 
Table 2.5 
Selected Angles for [Ru(L 1 )(4-MeC6 H4'Pr)J(BPh 4 ) 2 .MeOH. 
Angles(*) with standard deviations 
N(1)- 	Ru - N(4) 82.6(12) C(2R) 	-C(1R) -C(1RS) 119.6(30) 
14(1)- Ru - N(7) 81.4(12) C(6R) -C(1R) -C(1RS) 120.7(30) 
N(4)- 	Ru - 	N(7) 80.8(11) C(1R) -C(2R) -C(3R) 119.1(31) 
Ru - N(1) -C(2M) 109.4(25) C(2R) 	-C(3R) -C(4R) 123.2(37) 
Ru 	- N(1) -C(9M) 109.1(26) C(3R) 	-C(4R) -C(5R) 116.5(36) 
C(2M)- 	14(1) -C(9M) 109.9(33) C(3R) -C(4R) -C(2RS) 124.0(39) 
Ru 	- 	14(4) -C(3M) 103.4(22) C(5R) 	-C(4R) -C(2RS) 119.0(37) 
Ru - N(4) -C(5M) 108.3(23) C(4R) 	-C(5R) -C(6R) 123.6(34) 
C(3M)- N(4) -C(5M) 115.6(30) C(1R) 	-C(6R) -C(5R) 117.3(30) 
Ru - N(7) -C(6M) 109.7(22) C(4R) 	-C(2RS)-C(3RS) 121.8(49) 
Ru 	- 	14(7) .-C(8M) 106.5(24) C(4R) -C(2RS)-C(4RS) 114.9(42) 
C(6M)- N(7) -C(8M) 111.2(31) C(3RS)-C(2RS)-C(4RS) 118.2(50) 
N(1)-C(2M) -C(.3M) 114.9(38) C(111)- 	B(.1) -C(121) 112.1(22) 
N(4)-C(3M) -C(2M) 119.4(37) C(111)- B(i) -C(131) 108.4(21) 
N(4)-C(5M) -C(6M) 120.0(36) C(111)- 	B(1) -C(141) 111.3(22) 
N(7)-C(6M) -C(5M) 116.5(34) C(121)- B(1) -C(131) 108.6(21) 
N(7)-C(8M) -C(9M) 121.5(40) C(121)- B(1) -C(141) 108.0(22) 
N(1)-C(9M) -C(8M) 114.7(40) C(131)- B(1) -C(141) 108.4(21) 
C(2R)-C(1R) -.C(6R) 119.7(30) 
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Table 2.6 
Selected Torsion Angles for [Ru(L 1 )(4-MeC 6 H 4 'Pr)](BPh 4 ) 2 .MeOH. 
Torsion angles(*) with standard deviations ( ) 
Ru - N(1) 
C(9M) - N(1) 
Ru - N(1) 
C(2M) - N(1) 
Ru - N(4) 
C(5M) - N(4) 
Ru - N(4) 
C(3M) - N(4) 
Ru - N(7) 
C(8M) - N(7) 
Ru - N(7) 




-C(2M) -C(3M) 	-0.1(45) 
-C(2M) -C(3M) -119.8(42) 
-C(9M) -C(8M) -25.7(46) 
-C(9M) -C(8M) 94.1(46) 
-C(3M) -C(2M) -35.5(43) 
-C(3M) -C(2M) 	82.6(47) 
-C(5M) -C(6M) 9.3(44) 
-C(5M) -C(6M) -106.1(43) 
-C(6M) -C(5M) -20.4(40) 
-C(6M) -C(5M) 	97.1(41) 
-C(8M) -C(9M) 8.5(49) 
-C(8M) -C(9M) -110.9(46) 
-C(3M) - N(4) 	25.4(56) 
-C(6M) - N(7) 7.7(55) 
-C(9M) - N(1) 	11.6(62) 
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Table 2.7 
Selected Bond Lengths for [Rh(L2)Cp*](PF6)2 
Bond Lengths(A) with standard deviations ( ) 
Rh - N(1) 2.195(12) N(7) .-C(6M) 1.379(18 
Rh - N(4) 2.237(11) N(7).-C(8M) 1.439(18 
Rh - N(7) 2.155(14) C(2M) .-C(3M) 1.451(17 
Rh -C(1R) 2.229(10) C(5M) -C(6M) 1.501(16 
Rh -C(2R) 2.178(11) C(8M) -C(9M) 1.488(17 
-Rh -C(3R) 2.203(10) C(1R) -C(2R) 1.487(15 
Rh -C(4R) 2.242(10) C(1R) -C(5R) 1.355(171 
Rh -C(5R) 2.192(14) C(1R) -C(1RS) 1.485(14: 
N(1) -C(1N) 1.527(16) C(2R) -C(3R) 1.486(15: 
N(1) -C(2M) 1.424(17) C(2R) -C(2RS) 1.484(17: 
N(1) -C(9M) 1.554(17) C(3R) -C(4R) 1.413(14: 
N(4) .-C(4N) 1.516(16) C(3R) -C(3RS) 1.504(16: 
P4(4) -C(3M) 1.559(17) C(4R) -C(5R) 1.430(17: 
N(4) -C(5M) 1.547(16) C(4R) -C(4RS) 1.482(16: 
N(7) -C(7N) 1.520(19) C(5R) -C(5RS) 1.462(18: 
Table 2.8 
Selected Angles for [Rh(L2)Cp*](PF6)2 
Angles( 0 ) with standard deviations ( ) 
N(1) - Rh 
P4(1) - Rh 
N(4) - Rh 
C(1N) -- N(1) 
C(1N) - N(1) 
C(2M) - N(1) 
C(4N) - N(4) 
C(4N) - N(4) 
C(3M) - N(4) 
C(7N) - N(7) 
C(7N) - N(7) 
C(6M) - P4(7) 
N(1) -C(2M) 
N(4) -C (3M) 
N(4) -C(5M) 
N(7) -C(6M) 



































P4(1) -C(9M) -C(8M) 115.4(10) 
C(2R) -C(1R) -C(5R) 110.2(10) 
C(2R) -C(1R) -C(1RS) 128.5( 9) 
C(5R) -C(1R) -C(1RS) 120.9(10) 
C(1R) -C(2R) -C(3R) 103.5( 9) 
C(1R) -C(2R) -C(2R5) 128.0(10) 
C(3R) -C(2R) -C(2RS) 127.3(10) 
C(2R) -C(3R) -C(4R) 107.8( 9) 
C(2R) -C(3R) -C(3RS) 124.9( 9) 
C(4R) -C(3R) -C(3RS) 126.3(10) 
C(3R) -C(4R) .-C(5R) 108.9(10) 
C(3R) -C(4R) -C(4RS) 121.7( 9) 
C(5R) -C(4R) -C(4RS) 128.6(10) 
C(1R) -C(5R) -C(4R) 109.1(11) 
C(1R) -C(SR) -C(5RS) 123.1(12) 
C(4R) -C(5R) -C(5RS) 126.4(12) 
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Table 2.9 
Selected Torsion Angles for [Rh(L2)Cp*](PF6)2 
Torsion angles(*) with standard deviations ( ) 
C(1N) - N(1) -C(2M) -C(3M) 178.6(10 
C(9M) - N(1) -C(2M) -C(3M) -65.8(13 
C(1N) - N(1) -C(9M) -C(8M) -107.5(11 
C(2M) - N(1) -C(9M) -C(8M) 132.5(11 
C(4N) - N(4) -C(3M) -C(2M) -125.4(13 
C(5M) - N(4) -C(3M) -C(2M) 124.7(10 
C(4N) - N(4) -C(5M) -C(6M) 105.5(11 
C(3M) - N(4) -C(5M) -C(6M) -121.8(10 
C(7N) - N(7) -C(6M) -C(5M) -178.6(10 
C(8M) - N(7) -C(6M) -C(5M) 87.3(15 
C(7N) - N(7) -C(8M) -C(9M) 161.1(10 
C(6M) - N(7) -C(8M) -C(9M) -87.5(16 
N(1) -C(2M) -C(3M) - N(4) -46.6(14 
N(4) -C(5M) -C(6M) - N(7) 40.9(14 
N(7) -C(8M) -C(9M) - N(1) -42.9(14 
C(5R) -C(1R) -C(2R) -C(3R) 6.3(12 
C(5R) -C(1R) -C(2R) -C(2RS) 174.4(12 
C(IRS)-C(1R) -C(2R) -C(3R) -166.6(10 
	
C(1RS)-C(1R) -C(2R) -C(2RS) 	1.5(18 
C(2R) -C(1R) -C(5R) -C(4R) -7.9(14 
C(2R) -C(1R) -C(5R) -C(5RS)-175.1(11 
C(1RS)-C(1R) -C(5R) -C(4R) 165.6( 9 
C(1RS)-C(1R) -C(5R) -C(5RS) -1.5(18 
C(1R) -C(2R) -C(3R) -C(4R) -2.3(11 
C(1R) -C(2R) -C(3R) -C(3RS) 167.0(10 
C(2RS)-C(2R) -C(3R) -C(4R) -170.5(11: 
C(2RS)-C(2R) -C(3R) -C(3R5) -1.3(18: 
C(2R) -C(3R) -C(4R) -C(5R) -2.3(12: 
C(2R) -C(3R) -C(4R) -C(4RS) 168.1(10: 
C(3RS)-C(3R) -C(4R) -C(5R) -171.3(11: 
C(3RS)-C(3R) -C(4R) -C(4RS) -0.9(171 
C(3R) -C(4R) -C(5R) -C(1R) 6.4(14: 
C(3R) -C(4R) -C(5R) -C(5RS) 173.0(121 
C(4RS)-C(4R) -C(5R) -C(1R) -163.1(11 
C(4RS)-C(4R) -C(5R) -C(5RS) 3.5(21 
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Table 2.10 'H n.m.r. Data for Mixed Sandwich Complexes formed with L' and L 2 
5 (p.p.m.) 
Complex 	 Solvent 	Carbocyclic Ring 	 Macrocyclic Ligand 
[Ru(L 1 ) ( 4-MeC6 H4 1Pr)] (BPh 4 ) 2 	d 6 -Acetone 	6.04, 5.96(HAHB 7 Hz, 	2.8-3.3 (m,CH 2 ) , 
J 6 Hz), 3.00(sp., CHMe 2 ) 	7.75 (br.s, NH). 
2.39(S,Me) , 1.33(s,CHMe 21' 
J 7 Hz). 
[Ru(L') (C 6 H6 ) I (PF6 ) 2 CD3 CN 5.85 (S, C6 H6 ) 2.4-3.2 	(m, 	CH 2 ) 
7.2 	(br.s. 	NH). 
[Ru(L') (C 6Me6 )] (BPh 4 ) 2 d 6 -Acetone 2.32 (S, C6Me 6 ) 2.6-3.3 	(m, 	CH2 ) , 
7.8 	(br.s.. 	NH). 
(Ru 3 (C 6 H6 ) 3 Cl 6 (L')] D 2  0 5.95, 6.10, 6.20 2.7-3.3 	(m, 	CH2 ), 
(all S, C 6 H 6 ) 8.4 	(br.s. 	NH) 
[Os(L') (4-MeC6 H4 1Pr)} (BPh4 ) 2 d 6 -Acetone 6.12, 6.01 (HAHB  5 Hz, 2.7-3.3 	(m, 	CH2 ), 
J 6 Hz), 2.42 	(S, 	Me) 8.1 	(5, 	NH) 
1.31 (d, CHMe2 , J 7 Hz). 
[Rh(L1)Cp*] (BPh4 ) 2 d 6 -Acetorie 1.83 (S, C 5Me 5 ). 2.6-3.3 	(M, 	CH 2 ) 
6.7 	(S, 	NH). 
[Ir(L1)Cp*] (BPh 4 ) 2 d 6 -Acetone 1.70 (S, C 5Me 5 ) 2.86 	(br.s, 	CH) 
7.5 	(5, 	NH). 
Table 2.10 (Cont.) 
6 (P. P.M.) 
Complex 	 Solvent 	Carbocyclic Ring 	Macrocyclic Ligand 
[Rh(L 2 )CpJ (BPh4 ) 2 	 CD3NO2 	1.66 (S, C 5Me 5 ) 	3.39 (S, CH 2 ) , 
3.11 (S, CH 3 ). 
[Ir(L2)Cp*] (BPh4)2 ¶ 	CD3NO2 	1.60 (S, C 5Me 5 ) 	3.54 (S, CH 2 ) 
3.16 (S, CH 3 ). 
Chemical shifts measured in CD 3NO2 (6= 4.33 p.p.m.), d 6 -Acetone 
(6= 2.06 p.p.m.), CD 3CN (6= 1.93 p.p.m.), D2 0 (6 
were referenced to the residual proton resonances of the 
respective solvents. 
¶ n.m.r. parameters determined from the spectrum of a mixture. 
Chapter 3 




MIXED SANDWICH AND BIS SANDWICH COMPLEXES 
OF 1,4,7-TRITHIACYCLONONANE 
3.1. Introduction 
Thioethers have been widely regarded as rather poor ligands for the 
co-ordination of transition metals 21 . However, recent work has shown that this 
is not the case for certain macrocyclic polythia-ethers, in particular 
1,4,7-trithiacyclononane (0), 1.4,7,10,13,16-hexathiacyclooctadecane (0) and 
1,4,8,1 1-tetrathiacyclotetradecane (0). This chapter deals with mixed saidwich 
and bis sandwich complexes of 1,4,7-trithiacyclononane, and as an introduction 
a survey of this synthetically useful ligand is included here. Chapter 4 outlines 
the binuclear complexes formed with the larger polythia macrocycles, L4 and L5, 










Considering the well developed series of complexes incorporating the triaza 
macrocyclic ligands L 1 and L2, see Section 2.1, it is somewhat surprising that 
there are relatively few reports of metal complexes containing the trithia 
analogue, 1,4,7-trithiacyclononane, especially in view of the robust nature and 
exceptional redox properties of the few known complexes. The reason for this 
is the prohibitively low yields of L 3 obtained from the original synthesis. In 
1977 Ochrymowycz and co-workers published 188 the synthesis of 0 by the 
reaction of disodium 3-thia-pentane-1,5-dithiolate with 1,2-dichioroethane; L 3 
was isolated in a paltry 0.04% yield. By use of the bis(benzyl 
trimethylammonium) salt of 3-thia-1,5-dithiol instead of the sodium salt, and 
also working under high dilution conditions, Glass and co-workers 
demonstrated 189 in 1983 that the yield could be increased by 100 fold. The 
high dilution conditions attempt to avoid formation of larger rings during the 
cyclization step, but a major by-product, (19%), using this route is the 2 + 2 
product, L4, see Scheme 3.1. 
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However, Seliman's method 190191 , reported in 1984, enabled the macrocycle to 
be 	prepared 	in 	synthetically 	useful quantities. 	The cyclization 	is carried 	out 
around 	a 	molybdenum 	template which 	prevents the 	formation of 	larger 
macrocycles or polymers and increases the yield to over 60%, see Scheme 3.2. 
MOM) 3 (CH 3CN)3 
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Scheme 3.2. 
A very recent report 192 by Cooper and co-workers outline a high yield one step 
synthesis of 1,4,7-trithiacyclononane, which makes use of the caesium 
carbonate mediated cyclization introduced by Butler and Kellog 193.194  The role 
of the caesium ion in promoting cyclization over polymerization is still 
unclear 194,195  but may involve ion-pairing between Cs' and RS, the thiolate 
ion 192  1,4,7-trithiacyclononane is now available from a commercial supplier, 
(Aldrich). 
Structural studies on crystalline and gaseous 1,4,7-trithiacyclononane 
revealed that, unlike other macrocyclic polythia-ethers, the ring adopts a 
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conformation with the sulphur donor atoms endodentate 196 . L3 can therefore 
act as a facially co-ordinating tridentate ligand without great conformational 
changes and the geometric placement of the three ligating sulphur atoms may 
account for the unusual stability of metal complexes formed. A study by Ashby 
and Lichtenberger 197, comparing the single crystal structures of the free ligand 
and that of [Mo(L 3)(CO) 3], [1] showed that there was little change in the bond 
lengths and angles of 1,4,7-trithiacyclononane on complexation. Only minor 
changes appeared in the torsion angles around the ring which reflect a slight 
reduction in the distance between the sulphur atoms. This may be due. to the 
stabilization provided by the formation of the metal sulphur bonds, partly 





It is well known that the nitrogen analogue, 1,4,7-triazacyclononane, L 1 , 
exerts a surprisingly high ligand field strength which has been ascribed to the 
stereo-rigidity of the ligand and the small N-M-N angles that this enforces, see 
Section 2.1. Remarkably, L 3 has an even greater ligand field strength 198 but the 
origin of this effect has not been adequately explained. Certainly the same 
rigidity of the macrocycle is present but the longer sulphur carbon distances 
within the ring allow the metal to attain near perfect octahedral symmetry, with 
S-M-S angles just less than 900.  The large ligand field strength is probably a 
reflection of the very strong a-donation of the sulphur atoms. This increased 
ligand field splitting is obvious when comparing [Co(L1)2]2 137, a high spin 
system, with the sulphur analogue [Co(L3)2]2t which is low spin 1.99,200. 
The majority of complexes reported to date are of the type [M(L 3)2]'', [21 
homoleptic six co-ordinate complexes containing a MS 6 core. Bis sandwich 
species have been reported for Fe 98 ' 201 , Co 199 ' 200'202, Ni 198, Rh 203, Pd 204 ' 205 and 
Pt 206. The formation of similar complexes for Ru, Os and •lr is discussed in 
Section 3 of this chapter. 
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The predominant geometry for the bis sandwich complexes is distorted 
octahedral with one tridentate macrocycle symmetrically bound to each face. 
However, unusual structures are seen for both the palladium and platinum 
species. The [Pd(L 3 )2]24 . cation 204,205, [31 displays a distorted octahedral 
environment with four thia donors from two molecules of L3 defining a square 
plane, PdS eq = 2.32 A and S eq PdS eq = 88.6 0 , and the remaining S-atoms 
participating in significant apical interactions, Pd-Sax' = 2.95 A and 
SaxPdSeq = 83.10. This contrasts markedly 206  with the analogous platinum (II) 
complex, [Pt(L 3 ) 2 ] 2 , [41 which shows an interaction with only one axial thia 
donor in the solid state, yielding a square-based pyramidal geometry. The final 
sulphur is not co-ordinated and is over 4 A distant from the Pt centre. These 
apical interactions are peculiar to the thia complexes; the single crystal 
structure of [Pt(L 1 )2] 2 , [51 L 1 = 1,4,7-triazacyclononane, shows the expected 














The trithia macrocycle has the ability to stabilize unusual, and in some 
instances relatively high oxidation states of transition metal centres, and this 
has been attributed to the flexibility of co-ordination of the ligand. [Co(L 3 )2] 2 
undergoes a one electron reversible oxidation to the Co(Ill) species which is 
stable in solution and the solid state 99. The complex also exhibits a reversible 
one electron reduction to Co(l) and this can be further reduced to the Co(0) 
species, although this does lead to breakdown of the complex. Schroder and 
co-workers have demonstrated  204,206  that it is possible to oxidize [Pd(L 3 ) 2 ] 2 
(El/, = +0.605 V vs. Fc/Fc)and [Pt(L 3 )2] 2 (Ei12 = +0.39 V vs. Fc/Fc 4) to the 
homoleptic monomeric Pd(Ill) and Pt(Ill) complexes, [M(L 3 ) 2 ] 3 ; the fact that the 
positive charge resides predominantly on the metal centre is indicated by e.s.r. 
studies and these complexes have been characterised by single crystal X-ray 
[5' 
structures 207. The co-ordination geometry around these metal centres is 
distorted octahedral with the trithia macrocycles adapting to the 
stereochemical and electronic requirements of the d 7 centres.lt appears likely 
that the positive charge is delocalized onto the thia donors, hence stabilizing 
the systems. The ease of formation and stability of these unusual species is a 
reflection of this co-ordinatively flexible ligand. The structures of the d 8 
cations, [M(L 3) 2 ]2 (M = Pd, Pt), already show some interaction of the apical 
sulphurs in addition the expected square planar geometry. Oxidation to the 
distorted octahedral d 7  metal ion involves a strengthening of this apical 
interaction, (PdS eq = 2.3558(14), 2.3692(15) A; Pd-S ax  = 2.5448(15) A) 207 
The opposite effect would be expected on reduction from octahedral d 6 to 
distorted octahedral d 7. Schrder and co-workers have shown 203 recently that 
the symmetric Rh(Ill) complex, [Rh(L 3 ) 2 ]3 , undergoes a reversible one electron 
reduction at Ei12 = -0.71 V vs. Fc/Fc to the rhodium (II) species. The 
macrocycle, L 3  can distort its co-ordination along an axis to accommodate a 
tetragonally distorting d 7  centre, allowing stabilization of this rare oxidation 
state. A second reversible reduction was also observed at Ei,' 2 = - 1.08 V vs. 
Fc/Fc'1 and assigned to the Rh(ll)/(l) couple. 
The 	free 	ligand, 	1,4,7-trithiacyclononane, 	exhibits 	an 	irreversible 
electrochemical oxidation at +0.99 V. vs. Fc/Fc, which is very close to the 
reversible and quasi-reversible one electron couples observed for the 
complexes [Fe(L 3) 2 ]2 and [Ni(L 3 ) 2 ]2 at El/, = +0.98 and +0.97 V. vs. Fc/Fc, 
respectively 198.  Wieghardt and co-workers originally assigned these processes 
to oxidation of the complexed ligand, not the M 213 couple. However, they 
have recently shown 201  that, depending on the nature of the oxidant, it is 
possible to chemically oxidize the iron system to [Fe(L 3 ) 2 ] 3 , the iron (Ill) 
complex, or to [Fe(L 3)(L 3 ')] 2 , [61 which contains one co-ordinated 
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1-sulphoxide-4,7-dithiacyclononane 	ligand, 	[71 	in 	addition 	to 	one 
1,4,7-trithiacyclononane ligand. Subsequent electrochemical investigation of 
[Fe(L3 ) 2 ] 3 showed it to have identical electrochemistry to that of [Fe(L 3) 2 ] 2 , 
proving that the observed reaction at Ey2 = +0.98 V. vs. Fc/Fc, corresponds to 









The trithia macrocycle could be regarded as either a it-acceptor or a 
it-donor. In principle the d orbitals on the sulphur atoms have the ability to 
accept electron density back from the metal ions or, alternatively, the 
lone-pairs of the sulphurs may be donated into vacant metal orbitals. However, 
the fact that the ligand can be oxidized suggests that the it-donation 
predominates; noted it-acids which readily accept extra electron density, such 
as bipy, are easily reduced 208 . 1,4,7-trithiacyclononane is probably best 
regarded as a strong a-donor that shows additional weak it-properties. 
There are also a small number of half-sandwich complexes formed with 
1,4,7-trithiacyclononane. Seilman's synthesis of the Iigand involves the 
molybdenum complex, [Mo(L 3)(CO) 3], the single crystal X-ray structure of which 
has been reported 190, and he has also prepared the tri-chloro analogue, 
(Mo(L3)Cl 3 ] 	Schroder and co-workers have shown that reaction of MCI 2 , 
M = Pd,Pt, with only one molar equivalent of L 3 affords [M(L3)C12] 204,206  These 
92 
chlorides are easily replaced by PPh 3 in refluxing acetonitrile. Wieghardt and 
co-workers have recently reported 205 the single crystal structure of the 
palladium bromide analogue, [Pd(L 3 )Br 2], [81 which displays an essentially 
square-planar structure with an additional interaction between the metal centre 





Results and Discussion 
This chapter Outlines the attempts to prepare a series of mixed sandwich 
complexes incorporating 1.4,7-trithiacyclononane analogous to those described 
in Chapter 2 with 1,4,7-triazacyclononane. During the course of this work it 
became apparent that the mixed sandwich ruthenium complexes, 
[Ru(L 3)(arene)] 2t were unstable in the presence of L 3 and that the arene was 
displaced yielding [Ru(L 3) 2 ] 2 . The latter portion of the chapter discusses the 
exceptionally stable bis sandwich ruthenium complex and the efforts to prepare 
the only other unreported platinum metal bis sandwich complexes, [Os(L 3 ) 2 ] 2 
and [lr(L3 ) 2 ] 3 . 
3.2. Mixed Sandwich Complexes with 1 ,4,7 -trithiacvclononane 
3.2.1. Rhodium 
Reaction of the rhodium dimer, [RhCl2Cp*12, with two molar equivalents of 
L 3  in refluxing methanol produced a yellow solution. The product was 
precipitated as the BPh 4 and PF 6  salts and these were recrystallized from a 
nitromethane/diethyl ether mix to yield yellow crystals. 
The infra red spectrum of the complex contained bands characteristic of the 
CH stretch, 2920 cm -1 , and bend, 1422 cm -1 , of the macrocyclic ligand, in 
addition to bands assigned to BPh 4 or PF 6 . A peak at 325 cm -1 appeared in 
the correct region for either a metal-chloride or a metal-sulphur stretch and, 
only after the absence of chloride was confirmed by other evidence, was this 
tentatively assigned as a rhodium-sulphur stretch. The infra red spectral 
evidence is consistent with a cation/anion complex: the cation being formed by 
loss of chloride during incorporation of the trithia macrocycle. 
The 1 H n.m.r. spectra of complexed L 3 typically show two groups of signals, 
almost symmetric with respect to each other, due to the methylene protons. 
The two groups correspond to the 6 protons in equatorial positions and the 6 
protons in axial positions relative to the plane of the co-ordinated 
1,4,7-trithiacyclononane. If the difference between axial and equatorial chemical 
shifts and coupling constants is smaller, the two sets of multiplets converge 
and in the limit a simple broad singlet is observed 137 . A similar effect is seen 
when the spectra are recorded on a low field n.m.r. instrument. 
Examination of the 1 H n.m.r. spectrum for the new complex, (BPh 4 salt), on 
the 80 MHz instrument showed a broad singlet, 6 = 3.2 p.p.m., for the L 3 
resonance. Line narrowing of this spectrum revealed a more complicated 
pattern and re-running it on the larger field 200 MHz instrument split the 
pattern into a symmetrical second order multiplet. This evidence suggests that 
the trithia macrocycle is facially bound to the rhodium (lii) centre. The 
spectrum also showed a singlet for the Cp*  ligand, ô = 1.95 p.p.m., and the 
characteristic- multiplet for the counter-ion BPh 4 . Integration of these peaks 
indicated a ratio of 
L3 : Cp* : 2BPh 4 
which is consistent with the formulation of the mixed sandwich complex, 
[Rh(L3)Cp*](BPh4)2. This is confirmed by elemental analysis. 
Me 
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Considering the ability of L 3 to stabilize unusual oxidation states and the 
paucity of mononuclear rhodium (Il) species, it was obviously of great interest 
to study the electrochemical behaviour of the mixed sandwich cation, 
[Rh(L3)Cp*]2+. Cyclic voltammetry of [Rh(L3)Cp*]2+  in dried CH 3CN at room 
temperature showed a reversible reduction at Ei,' 2 = - 1.29 V. vs. Fc/Fc 
(E = 66 mV, scan rate = 150 mV _1),  which may be tentatively assigned to a 
Rh(lll)/(ll) redox couple, see Figure 3.1. Controlled potential electrolysis, .E = -1.1 
V. at a platinum gauze electrode produced an intense purple solution. 
Unfortunately, this reduced product was very reactive and it did not prove 
possible to obtain a clean e.s.r. spectrum due to decomposition of the product 
in solution. 
Other workers in the Edinburgh group have recently demonstrated that 
1,4,7-trithiacyclononane is capable of stabilizing a Rh(II) centre. This flexible 
ligand can alter its co-ordination to accommodate a tetragonally distorting d 7 
metal ion, in the bis sandwich complex [Rh(L 3 ) 2 ]2 . However, the mixed 
sandwich cation, [Rh(L 3  )Cp* ]2+ contains a very rigid group in the 
cyclopentadienyl ligand,. which cannot allow such a tetragonal distortion. The 
mixed sandwich species therefore requires more energy for the reduction than 
the bis sandwich complex, (Ei,'2 = - 1.29 V compared to -0.71 V), and the 
reduced product is highly reactive and readily decomposes, probably via loss of 
C5Me5. 
The mixed sandwich rhodium complexes incorporating the 
triaza-macrocycles 1,4,7-triazacyclononane and 
N,N',N"-trimethyl-1,4,7-triazacyclononane, [Rh(L)Cp*]2+  (L = L 1 , 1-2), also show 
quasi-reversible reductions at room temperature, Ei,, 2 = - 1.44 V (L = L) and 
-1.86 V (L = 1- 2) vs. Fc/Fc 4 . 
Cyclic Voltammetric Data for Rh(Ill) Macrocyclic Complexes. 
Complex 	 Ey2 (V). 	 AE (mV) 
[Rh(L3 ) 2 ] 3 	 -0.71 	 71 
[Rh(L3)Cp*]2+ 	 -1.29 	 66 
[Rh(Ll)Cp*]2+ 	 -1.44 	 60 
[Rh(L2)Cp*]2+ 	 -1.86 	 88 
Measured in CH 3CN (0.1 M "Bu 4 NPF6). 
Scan Rate = 150 mV s 1 . Potentials quoted vs. Fc/Fc. 
Figure 3.1. Cyclic Voitcimmogram of [Rh(L3) cp* ] 2 
-1.0 	 -1.5 V. 
3.2.2. Iridium 
There is no report to date of any iridium complex incorporating 
1,4,7-trithiacyclononane. However, as was mentioned earlier, this may be due to 
the fact that the synthetic possibilities of L 3 have yet to be realized and not 
because of any incompatibility between the two systems. 
The iridium dimer, [lrCl2Cp*]2,  reacted readily with L 3 in methanol to 
produce the mixed sandwich cation [lr(L3)Cp*]2f.  This was isolated as the 
BPh 4 and PF 6  salts and recrystallized from a nitromethane/diethyl ether mix to 
yield a white powder and pink micro-crystals respectively. The infra red spectra 
were very similar to those of the rhodium analogue and exhibited the CH peaks 
for the macrocycle, 2915 and 1422 cm -1 . A peak at 322 cm was tentatively 
assigned to the lr-S stretch. 
The 1 H n.m.r. spectra were also similar to those of the rhodium analogue 
but there were small chemical shift differences reflecting the change to the 
third row metal. The resonance due to the methylene protons of L 3 was shifted 
to low frequency, ([Rh(L3)Cp*12+ : S-CH 2 6 = 3.23 p.p.m., d 6-dmso; 
6 = 3.18 p.p.m., CD3NO2. [lr(L3)Cp*]2+ S-CH 2 6 = 3.01 p.p.m., d 6-dmso; 
6 = 2.90 p.p.m., CO 3NO 2), which might be explained by decreased it-donation 
from sulphur to the metal The effect of this is that the methylene protons 
effectively "see" more electron density. This is countered by a shift to higher 
frequency of the Cp* resonance, ([Rh(L3)Cp*]2+ : CH 3 6 = 1.95 p.p.m., d 6-dmso; 
6 = 2.03 p.p.m., CD3NO2. [lr(L3)Cp*]2+ : CH 3 6 = 2.07 p.p.m., d 6-dmso; 6 = 2.12 
p.p.m., CD 3 1\10 2). This effect is not seen for the mixed sandwich complexes 
containing 1,4,7-triazacyclononane, the nitrogen donors of which have no 
it-acceptor/donor properties. 
Integration of the peaks in the 1 H n.m.r. and elemental analysis confirm the 
formulation [Ir(L3)Cp*]2+.  The PF 6 salt crystallizes with one molar equivalent of 
nitromethane in the lattice. 
3.2.3. Ruthenium 
The preparation of the series of mixed sandwich complexes incorporating 
1,4,7-triazacyclononane, (see Chapter 2), along with the successful synthesis of 
the analogous rhodium and iridium cyclopentadienyl complexes with 
1,4,7-trithiacyclononane, suggested that the formation of the ruthenium aryl 
mixed sandwich species with 1 3  would be relatively straightforward. However, 
it has proved very difficult to isolate these complexes. The ruthenium arene 
bond is labile in the presence of the trithia macrocycle and the mixed sandwich 
species, once formed, react further with L 3 to afford the complex [Ru(L 3)2]2 . 
The discovery of a direct route to [Ru(L 3 ) 2 ] 2 lead to an investigation of this 
exceptionally stable compound, the details of which are discussed in 
Section 3.3. 
The reaction of [RuC1 2 (C 6 H 6)]2 with two molar equivalents of L 3 in methanol 
proceeded easily at room temperature. The red colour of the ruthenium starting 
material faded over a period of about ten minutes to leave a colourless 
solution. This was filtered to remove some decomposition product and the 
complex was precipitated as the BPh 4 salt, a white powder. Subsequent 
characterization showed this to be the bis sandwich species, (see below). No 
aryl complex was isolated from this reaction. 
The other ruthenium chloro bridged dimers, [RuCl 2(arene)]2 
(arene = 4-MeC 6 H 4 1 Pr and C 6 Me 5), yielded the same product under similar 
conditions, although the reaction times were longer; 30 minutes for 
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arene = p-cymene and 90 minutes for arene = hexam ethyl benzene. The initial 
reacting ratio was Ru : L 3 (1:1), yet the only product isolated contained these 
components in the ratio Ru : L 3 (1:2). The other 50% of the ruthenium remained 
as unreacted starting material or ended up as decomposition product. 
The reaction times of the various ruthenium arene starting materials, 
measured approximately by the fading of the red colour of these dimers, gave 
an indication of how difficult it is kinetically to displace these arenes. The 
unsubstituted benzene is the most easily displaced and the areoe with the 
greatest degree of substitution, hexamethylbenzene, the most difficult. This is 
a reflection of the ruthenium arene bond strength which increases with 
increasing substitution of the ring; the side chains firstly provide a steric 
hindrance to incoming groups attacking the ruthenium centre, and secondly 
they inductively donate electron density into the delocalized system, which in 
turn can be donated to the metal increasing the a-bond strength 1 . 
This observation made it clear that isolation of a mixed sandwich complex 
would be easiest with the strongest ruthenium arene bond. [RuC1 2 (C 6 Me 6)]2 was 
stirred for ten minutes with two molar equivalents of L 3 in methanol, then the 
solution was filtered to remove copious amounts of ruthenium starting 
material. Addition of excess NaBPh 4. to the clear filtrate afforded a yellow 
precipitate. A 1 H n.m.r. spectrum of the crude product showed a singlet at 
6 = 2.24 p.p.m. for co-ordinated hexamethylbenzene, but the broad peak at 
6 = 2.9 p.p.m., the L 3 resonance, was more intense than would have been 
expected for the mixed sandwich species [Ru(L 3)(C 6 Me 6)J 2 ; the yellow solid 
was obviously a composite of the mixed and bis sandwich complexes. 
Unfortunately, any attempt to recrystallize the sample resulted in deposition of 
a brown decomposition product and an increase in purity of the bis sandwich 
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3.2.4. Osmium 
Experience of the ruthenium arene systems demonstrated that it was 
possible to isolate a mixed sandwich cation only where there was a strong 
metal arene bond. The third row transition metals are known to form stronger 
bonds than their second row analogues 209, therefore, it was likely that the 
osmium complex incorporating 1,4,7-trithiacyclononane would be more stable. 
[OsC12(4-MeC6H 4 Pr)]2 was reacted with two molar equivalents of L 3 in 
gently refluxing methanol. Over a period of an hour the yellow colour of the 
osmium dimer faded to leave a colourless solution. Addition of excess NaBPh 4 
precipitated a white solid which was recrystallized from a nitromethane/diethyl 
ether mix to yield colourless crystals. 
The infra red spectrum of the complex showed bands for. the trithia 
macrocycle, \)(C-H) = 2930 and 6(C-H) = 1423 cm -1 . Bands at 
1549 and 1372 cm -1 were assigned to -NO 2 stretches demonstrating that the 
crystals contained nitromethane. Unfortunately, the strong BPh 4 peaks 
obscured the region between 800-850 cm- 1  and it was impossible to assign a 
metal-arene band. 
102 
The p-cymene fragment, 4-MeC 6 H 4 1 Pr, provides an excellent n.m.r. handle 
displaying characteristic AB pattern, septet, doublet and singlet. The 1 H n.m.r. 
spectrum of the crystals exhibited these distinctive peaks proving that the 
arene had been retained in the complex. The macrocycle resonance appeared 
as a broad singlet at 6 = 2.9 p.p.m., and the peak at 6 = 4.41 p.p.m. was 
attributed to nitromethane. Integration of the peaks in the spectrum suggested 
a ratio of 
L 3 : p-cymene : 2BPh 4 : CH 3 NO2 
Elemental analysis confirmed the formulation as the mixed sandwich complex, 
[Os(L3)(4- M eC 6H4 1 Pr)](BPh 4)2.0 H 3NO2. 
Me 	 2+ 
'Pr —Os _
\S 
Single Crystal Structure Determination of (Os(L 3)(4-MeC6H 4 'Pr)](BPh 4)2.CH 3 NO 2 
The crystals obtained from the nitromethane/diethyl ether mix were suitable 
for X-ray structure determination. Details of the structure solution are given in 
the Experimental Section. Selected bond lengths are given Table 3.4, bond 
angles in Table 35 and torsion angles in Table 3.6. An ORTEP plot showing the 
molecular structure of the cation is presented in Figure 3.2. 
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Figure 3.2 
ORTEP Diagram of [Os(L3)(4-MeC6i-i41pr)] 2+ 
Note; The Minor Isomer of L 3 
has been omitted for clarity 
This structure shows a particularly interesting and unusual disorder 
involving the trithia macrocycle. The overall geometry of the mixed sandwich 
cation is as predicted; an octahedral osmium centre with the p-cymene ring 
bound to one face and L 3 occupying the other. However, there are two 
enantiomers of co-ordinated 1,4,7-trithiacyclononane and both are present in 
this crystal, being twisted with respect to each other by about 60 0 . 
Fortunately, the remainder of the structure was accurately determined making it 
possible to pick out and successfully model the two forms of the macrocyclic 
ligand. 
It was during the latter stages of the refinement that it became apparent 
that some disorder was present. The osmium centre, refined with anisotropic 
thermal motion, and the tetraphenyl borate ions, with idealized phenyl rings, 
account for a large portion of the scattering power, yet they are described by 
relatively few parameters. This fact, along with the strong diffraction data from 
a good quality crystal, meant that the bulk of the structure was accurately 
determined and the peaks from the second isomer of L 3 stood out clearly in 
the Fourier difference map. These peaks around the macrocycle were the only 
significant unassigned electron density. Correspondingly,, there was a large 
trough in the difference map indicating that too much scattering power had 
been attributed to some part of the structure. 
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The existence of two isomers of 1,4,7-trithiacyclononane is not immediately 
obvious. At first glance it seems that the macrocycle must possess C 3 ,, 
symmetry and if that were the case a mirror image form would be 
superimposible on the original, (and hence equivalent). However, the the mirror 
plane is destroyed by the orientation of the methylene carbons between the 
sulphur atoms. These carbons can be positioned "up, down" or alternatively 
"down,up" and the two possibilities are not superimposible. This is clearly seen 
in Figure 3.3, which shows the two mirror image forms, (A) and-(B), together 
with a diagram in which these have been superimposed, (C). The sulphurs 
occupy the same positions but the carbon chains do not lie on top of one 
another. 
The first stage in attempting to model the disorder present in the 
[Os(L3)(4-MeC 6 H 4 1 Pr)] 2 structure was to allow for the two possible orientations 
of the methylene carbon chains; i.e. both enantiomers would be included but 
these would have common sulphur positions, the situation represented in 
Figure 3.3 (C). Unfortunately, it was not possible to simply pick out six 
alternative carbon co-ordinates from peaks in the difference map, so these 
positions had to calculated. To do this an idealized macrocycle was generated 
and fitted onto the existing sulphur co-ordinates. 
WIT-1  
Figure 3.3 Enantiomers of Co-ordinated L 3 
a) isomer A 
b) Isomer B 
c) Isomers A+B 
Superimposed 
The starting point for the idealized group came from the well defined L 3 
co-ordinates of another structure, [Ru(L 3)2](BPh 4 ) 2(dmso) 2, see Section 3.3. 
Using the molecular geometry program CALC on these sulphur and carbon 
positions it was possible to build up molecules for both enantiomers of 
1,4,7-trithiacyclononane. These were then transposed onto the sulphur 
positions in the disordered structure yielding co-ordinates for the carbon 
atoms of both isomers. 
The carbon atoms in these calculated positions were allowed to refine with 
the occupancies of the two enantiomers summing to one; the superimposed 
sulphur atoms having full occupancy. However, this did not account for all of 
the excess electron density in the difference map and it became obvious that 
this model was unsatisfactory. (A similar approach was used successfully to 
model disorder present in the structure of [Rh(L3)2]3 203) 
There were three main peaks in the difference map all at approximately 
2.3 A distant from the osmium centre, suggesting alternative sulphur positions. 
To model this possible twist of the macrocycle ideal groups were fitted onto 
the two sets of sulphur co-ordinates. The major isomer present in the crystal 
was enantiomer (A), but the minor form may have been either (A) or (B). To 
establish which enantiomer was present both ideal groups were transposed 
onto the new sulphur positions and the occupancies allowed to refine. After 
several cycles of least squares the occupancy of (B) had refined to 0.25, 
whereas enantiomer (A) had disappeared, (occupancy 0.01), and was deleted. 
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The two idealized macrocycles, the major isomer, enantiorner. (A), and the 
minor isomer, enantiomer (B), were then allowed to refine as rigid groups. This 
fixed the internal idealized geometry but allowed the group to rotate or shift as 
an entity. This immediately absorbed the unassigned electron density in the 
difference map, no peak remained above 0.59 eA 3, and the occupancies of the 
two isomers refined to 0.72 and 0.28 respectively. The accuracy of this model 
was reflected in the very low R factor, 2.92%. 
The minor isomer is twisted, relative to the major isomer, by approximately 
600 and this could be due to the symmetry of the arene ring on the opposite 
side of the metal centre. The C 6-ring is bound to a triangular face and the 
metal-arene bond may not be affected by a 60 0 twist. However, because of the 
distinct asymmetry imparted by the side groups on the ring the p-cvmene  is 
effectively fixed in position within the crystal and the twist is seen in the trithia 
macrocycle. 
The bond distances, angles and torsion angles for the two idealized 
enantiomers are listed in Tables 3.1, 3.2 and 3.3. (Full Tables of parameters for 
the complete structure are given in the Experimental Section.) The bond 
distances and angles are very similar and it is only when comparing the 




Bond Distances (A) for the Idealized Enantiomers of L 3 
Si C2 1.8480 1.8233 
Si C9 1.8233 1.8480 
C2 C3 1.5124 1.5124 
C3 S4 1.8233 1.8480 
S4 C5 1.8480 1.8233 
C5 C6 1.5124 1.5124 
C6 S7 1.8233 1.8480 
S7 	- C8 1.8480 1.8233 
C8 C9 1.5124 1.5124 
Table 3.2. 
Bond Angles (°) for the Idealized Enantiomers of L3 
C2 Si C9 101.357 101.357 
Si C2 C3 111.741 114.258 
C2 C3 S4 114.258 111.741 
C3 S4 C5 101.357 101.357 
S4 C5 C6 111.741 114.258 
C5 C6 S7 114.258 111.741 
C6 S7 C8 101.357 101.357 
S7 C8 C9 111.741 114.258 
Si C9 C8 114.258 111.741 
Table 3.3. 
Torsion Angles (°) for the Idealized Enantiomers of L 3 
C9 Si C2 C3 133.508 66.507 
C2 Si C9 C8 -66.507 -133.508 
Si C2 C3 S4 -47.092 47.092 
C2 C3 S4 C5 -66.507 -133.508 
C3 S4 C5 C6 133.508 66.507 
S4 C5 C6 S7 -47.092 47.092 
C5 C6 S7 C8 -66.507 -133.508 
C6 S7 C8 C9 133.508 66.507 
S7 C8 C9 Si -47.092 47.092 
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3.3. Bis Sandwich Complexes formed with L 3 
There are relatively few reports in the literature of complexes incorporating 
1,4,7-trithiacyclononane, but the majority of these deal with bis sandwich 
species, [M(L 3)2]. Efforts to produce ruthenium arene mixed sandwiches lead 
to a convenient route for the preparation of the previously unreported complex, 
[Ru(L 3 ) 2 ] 2 . Continued attempts in Edinburgh to synthesize this cation directly 
from- [RuCI3], [Ru3(CO) 1 2], [RuC1 2(NCCH 3 ) 4] and other starting materials were 
unsuccessful. This section discusses the synthesis and characterization of this 
exceptionally stable cation, and the application of the same route for the 
preparation of the analogous osmium bis sandwich complex. Attempts to 
synthesize [lr(L 3) 2 ] 3 are also outlined. 
3.3.1. Ruthenium 
Reaction of [RuCl2(C6H6)]2 with an excess of 1,4,7-trithiacyclononane in 
refluxing methanol for one hour afforded a pale yellow solution. Addition of 
excess NaBPh 4 precipitated a white powder which could be recrystallized from 
a variety of polar solvents; dimethylsulphoxide (dmso), nitromethane or 
acetonitrile, to yield colourless crystals. The shape of the crystals formed was 
dependent on the recrystallization solvent. 
The infra red spectrum of the complex exhibited bands for the C-H stretch 
and bend of the trithia macrocycle at 2920 and 1422 cm 1 , and a peak at 
330 cm -1 which may be attributable to a ruthenium-sulphur stretch. The 
spectrum also showed bands for the respective solvents of crystallization, 
indicating incorporation of dmso, (S=O stretch, 1080 cm 1 ), nitromethane, (NO 2 
stretches, 1554 and 1373 cm -1 ), or acetonitrile, (CN stretch, 2243 cm -1 ), 
see Figure 3.4. Subsequent experiments demonstrated that these solvents could 
easily be interchanged without affecting the complex Cation. 
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Figure 3.4 
I.R. Spectra of [Ru(L3)2](Bph4)2(sotvent) 
C) solvent = dmso 	
-S=O 
- 	
2000 	1800 	1600 	1400 	1200 	1000 cm 
The 1 H n.m.r. spectrum displayed a broad singlet for the methylene protons of 
L3, which was shown to be a complicated second order multiplet when 
examined on larger field instruments, see Figure 3.5. The two groups of signals 
are not completely symmetrical, there are small chemical shift differences, 
indicating that this is an ABCD pattern where all four protons in the -CH2-CH 2-
chain are inequivalent. The various solvents of crystallization also show up 
clearly in the 1 H n.m.r. spectrum; dmso, 5 = 2.5 p.p.m., nitromethane, 
= 4.3 p.p.m. and acetonitrile, 6 = 1.9 p.p.m.. These resonances are not shifted 
from the expected positions of the free solvent, but this does not exclude the 
possibility that they are co-ordinated to the metal centre in the crystal and 
have been displaced by the deuterated solvent molecules on dissolution. 
Integration of the peaks in the spectrum suggested a ratio of 
L3 : BPh 4 	: solvent 
which indicated a formulation of [Ru(L 3)2](BPh 4)2.(solvent) 2 . 
CS RuS 
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This stoichiometry was confirmed by elemental analysis and, interestingly, 
there were always precisely two molar equivalents of solvent present in the 
crystals. The complex crystallizes easily and the single crystal structure was 
determined to verify the geometry of the bis sandwich species and to check 
the role of the solvent molecules. 
Single Crystal Structure Determination of [Ru(L 3)2](BPh 4)2(CH 3SOCH 3 ) 2 
Suitable crystals were obtained from a solution of the complex in dmso. 
Details of the structure solution are given in the Experimental Section. Selected 
bond lengths are listed in Table 3.7, bond angles in Table 3.8 and torsion 
angles in Table 3.9. An ORTEP plot showing the molecular geometry of the 
cation and the solvent molecules is presented in Figure 3.6 and a space filling 
diagram of the same fragment is shown in Figure 3.7. 
The structure analysis shows a centrosymmetric cation with the Ru(ll) ion at 
the inversion centre of the molecule. The sulphur macrocycles are each bound 
to a face of the ruthenium centre, (Ru-S = 2.3285(12), 2.3343(13), 2.3335(12) A), 
to give overall octahedral symmetry, the S-M-S angles being only slightly less 
than 900,  (S-Ru-S = 87.82(4), 88.07(4), 88.27(4) ° ). The fact that the metal lies 
on an inversion centre implies that both enantiomers of 
1,4,7-trithiacyclononane are present, one bound to each face, and this is true of 
all bis sandwich complexes that crystallize with the metal on a centre of 
inversion. 
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Figure 3.6 	ORTEP Diagram of [Ru(L3)2]2.2(dmso) 
One exception to that is the complex, [Rh(L 3 ) 2 ] 3 , which crystallized with cation 
in general space; that structure is disordered such that both enantiomers 
appear to be bound to the one octahedral face 203. The inversion centre at the 
ruthenium precludes the possibility of such a disorder in the [Ru(L 3)2]2 
structure. The two molecules of dmso present in the asymmetric unit are well 
ordered have full site occupancies, which is unusual for solvent of 
crystallization. Remarkably, the oxygen atoms of the solvate are oriented 
towards the rear cavity of the co-ordinated thia macrocycle, producing close 
oxygen hydrogen intermolecular contacts. 
Intermolecular Contacts(A) with Standard Deviations ( ) 
O .... H3 	2.201(8) 
0....H6 2.419(8) 
0....H9 	2.790(8) 
O .... H5 3.291(8) 
This supplementary interaction is particularly intriguing since it suggests 
that inclusion of dmso is occurring into the cone of 1,4,7-trithiacyclononane 
produced when it co-ordinates to a metal centre. This inclusion is clearly 
shown in the space-filling diagram, see Figure 3.7. 
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Figure 3.7 	PLUTO Space-Filling Diagram of [Ru(L 3 )2 ] 2 .2 (dm so) 
dmso 	 [Ru(L3)2]2 	 dmso 
The presence of the two molar equivalents of dmso is explained by this 
secondary interaction with the macrocycle. It was of interest to see whether a 
similar interaction would be found with a different solvent so the structure of 
the complex recrystallized with nitromethane was determined. 
Single Crystal Structure Determination of [Ru(L 3)2](BPh 4) 2(CH 3 NO 2 ) 2 
Details of the structure solution are given in the Experimental Section. 
Selected bond lengths are listed in Table 3.7, bond angles in Table 3.8 and 
torsion angles in Table 3.9. These parameters are listed alongside those of 
[Ru(L3)2](BPh 4 ) 2(dmso) 2  to facilitate direct comparison. An ORTEP plot showing 
the molecular structure of the cation is presented in Figure 3.8. 
Suitable crystals were obtained by cooling a solution of the complex in 
nitromethane. Unlike the crystals which contain the dmso solvate, the faces of 
these crystals etched when allowed to stand for long periods in air, indicating 
possible loss of solvent. To prevent this decay during data collection the 
crystals were sealed in a Lindemann Tube, 0.7 mm, with a small portion of the 
mother liquor. This tube was then mounted on the diffractometer and data 
collected in the normal fashion. 
The structure analysis again shows a centrosymmetric cation with the Ru(ll) 
ion at the centre of inversion. The bond lengths, angles and torsion angles are 
very similar to those of the structure containing dmso, although in this 
structure, with nitromethane solvate, the overall refinement was poorer and 
consequently there are larger error limits. 
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The nitromethane molecules showed no secondary interaction with the rear 
cavities of the trithia macrocycles, the distance of closest contact between the 
methylene protons and the oxygen atoms of CH 3 1\10 2 is over 3.5 A. The solvate 
was severely disordered and it was not possible to freely refine the atomic 
co-ordinates; a constrained model of nitromethane was introduced into two 
positions and these were allowed to rotate as rigid groups, but maintaining a 
common central nitrogen position. This lack of any interaction between 
nitromethane and the rest of the compound explains the disorder of the solvate 
and also the tendency for the crystals to decay. A likely reason why the oxygen 
atoms of the -NO 2 group do nth project into the macrocyclic cone is that 
nitromethane is planar and sterically cannot orientate itself into a suitable 
position. A secondary interaction of the type observed for dmso may only 
occur if the solvent molecule has one polar atom which can approach the 
macrocycle. Possible examples are CH3COCH 3, cyclohexanone, phenol, 
acetonitrile etc. 
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Figure 3. 8 	ORTEP Diagram of [Ru(L 3  )211 2+ 
C6 
Electrochemistry 
[Ru(L3 ) 2 ] 2 represents the first example of homoleptic thioether co-ordination to 
ruthenium and was therefore an important compound with which to probe the 
electronic properties of thioether ligands in general. The complex was 
electrochemically inactive between -2.2 and +1.3 V. vs. Fc/Fc, reflecting its 
remarkable stability. Cyclic voltammetry in dried CH 3CN showed a 
quasi-reversible oxidation at Ey2 = + 1.41 V, (E = 95 mV, scan rate = 100 mV/s), 
which was tentatively assigned to a Ru(ll)/(lll) couple, although oxidation of the 
ligand cannot be discounted. An irreversible reduction was also observed at 
EPC =  -2.25 V. leading to breakdown of the complex, presumably via an unstable 
Ru(l) intermediate; the free ligand thereby released can be detected on the 
return scan as an irreversible oxidation at +0.98 V. The high redox stability of 
is extraordinary and reflects a matching of stereochemical and 
electronic features of the macrocyclic ligands with those of d 6 Ru(ll). 
3.3.2. Osmium 
The 	ruthenium bis sandwich complex, 	[Ru(L 3 ) 2 ] 2 , 	was 	prepared 	by 
displacing the arene ring from the mixed sandwich complex, [Ru(L3)(arene)] 2 . 
This suggested that the osmium bis sandwich could be prepared in a similar 
fashion. 
Reaction of [OsC12(4-MeC 6 H 4 Pr)] 2 with excess of L 3 in dry methanol for an 
hour produces the cation, [Os(L 3)(4-MeC 6 H 4 Pr)] 2 , see Section 3.2. Prolonged 
reflux of this mixture over a period of 72 hours afforded no further visible 
change. Excess NH 4 PF 6  was added to the resulting solution and the solvent 
removed on a rotary evaporator. Recrystallization of the residue from a 
nitromethane/diethyl ether mix yielded a small amount of a light brown solid. 
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The infra red spectrum was very similar to that of the mixed sandwich 
complex, displaying bands for the macrocyclic ligand and the counter-ion, PF 6 . 
The 1 H n.m.r. spectrum showed a broad singlet for the methylene protons of L 3 
at 6 = 2.67 p.p.m., which is shifted from the peak due to L 3 in the mixed 
sandwich species, which comes at 'S = 2.76 p.p.m.. The distinctive p-cymene 
pattern is absent, proving that the arene had been displaced. A singlet at 
'S = 4.41 was assigned to nitromethane. Elemental analysis confirmed the 
formulation as [Os(L 3)2](PF 6 ) 2 .CH 3NO 2 . 
The reaction time to displace the strongly bound arene from the osmium is 
very long when the reaction is carried in methanol. It may be possible to 
reduce this time, and to increase the yield, by use of a higher boiling point 
solvent. Unfortunately, the use of other solvent systems  was unsuccessful; 
ethylene glycol and dimethylsulphoxide, both induce decomposition and no 
useful product could be isolated. 
3.3.3. Iridium 
The bis sandwich complexes [M(L 3)2]' have been prepared in Edinburgh for 
M = Rh 103,  Pd 204  Pt 206  while the Ru, Os analogues were synthesized in the 
course of this work. The only Platinum Group Metal bis sandwich complex 
missing from this list is the iridium species, [lr(L 3) 2 ] 3 , and this section 
describes the unsuccessful efforts to prepare it. 
The rhodium complex, [Rh(L 3 )2] 3t was made by reaction of RhC1 3 with 
aqueous silver nitrate, (to afford the hexa-aquo species [Rh(OH2)6] 3 ), and 
subsequent treatment with excess L3 203  However, this route proved ineffective 
for lr(III) 210 
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Another possible route, developed by Pedersen 211 , and used successfully by 
Wieghardt 137  for the preparation of bis sandwich complexes incorporating L 1 
and L3 , involved dissolving metal chloride salts in dmso at elevated 
temperatures, followed by subsequent addition of ligand to the resulting, 
cooled solutions. 
lrC1 3 was dissolved in dmso at 190 ° C to give a dark green/brown solution, 
which was then cooled to about 50 ° C. Addition of excess L 3 precipitated a 
yellow powder, which was collected and washed with acetone. The infra red 
spectrum of the complex exhibited bands for the C-H stretch, (2950 cm -1 ), and 
bend, (1420 cm 1 ), of L 3 , in addition to a strong Ir-CI stretch at 300 cm -1 . 
This product was completely insoluble in all solvents and decomposed 
when heated in dmso. This made it impossible to obtain any n.m.r. data. 
Elemental analysis suggested a stoichiometry of [lr(L)Cl 3] but the insolubility of 
the complex indicates a polymeric structure, although the complexes [M(L 3)C1 3 ] 
(M = Ru, Rh) are also highly insoluble. 
Various attempts were made to induce co-ordination of a second trithia 
macrocyclic ligand by trying to abstract the chlorides, using TIBF 4 , in the 
presence of excess L 3. All reactions proved unsuccessful. Other reactions where 
IrC1 3 was treated with TIBF 4 prior to addition of L 3 were no more fruitful. 
Another route to the bis sandwich complex, [lr(L 3)2]3t will have to be found, 
possibly via an lr(l) starting material. 
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3.4. Experimental 
Physical measurements were carried out as in Chapter 2. 	Cyclic 
voltammetric studies were undertaken using a three electrode system in 
acetonitrile, with 0.1 M tetra butylammonium hexafluorophosphate (TBAPF 6) 
present as the supporting electrolyte. Platinum button microelectrodes were 
employed as auxiliary and working electrodes with a Ag/AgCI reference 
electrode; potentials are quoted versus ferrocene-ferrocinium (Fc/Fc). 
Reagents 
The macrocyclic ligand, 1,4,7-tritiacyclononane, was prepared by the route 
described by Glass and co-workers 189 and also by Sellman's method 190 ' 191 . The 
metal complexes used as starting materials were prepared as in Chapter 2. 
Tetra butyl-ammonium hexafluorophosphate, (TBAPF 6), was prepared from 40% 
ETBAIOH, (Aldrich), and 65% HPF 6, (Strem), and recrystallized from methanol. 
"Dried, distilled" grade acetonitrile, (Fisons), was used without further 
purification. 
n.m.r. data for the new complexes are listed in Table 3.10. 
3.4.1. Mixed Sandwich Complexes formed with L 3 
Single Crystal Structure Determination of [Os(L 3)(4-MeC6H 4 'Pr)J(BPh 4)2.CH3NO 2 
Crystals were obtained by cooling a solution of the complex in a 
nitromethane/diethyl ether mix. 
Crystal Data 
[C16H26OsS3] 24 .2(C 24 H 20 B).CH 3 NO 2 , M = 	1204.26. Triclinic, 	a = 11.5027(8), 	b = 
13.8509(13), 	c = 	18.3983(12) A, a = 94.72(1), 	B = 	105.01(3), 	y = 91.28(1) ° , 	V = 
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2818 A 	(by least-squares refinement on diffractometer angles for 14 centred 
reflections, A = 0.71069 A), space group P1, Z= 2, D = 1.418 gcm 3 . Colourless 
plates. Crystal dimensions 0.5 x 0.54 x 0.23 mm, ji(Mo-K) = 23.85 cm 1 . 
Data Collection and Processing 
AED-2 four circle diffractometer, w - 20 mode with w scan width 0.8 + 
0.347(tane) 0 , graphite monochromated Mo-Ku radiation; 7375 reflections 
measured, (2.5<e<2-2.5 ° , h -12+12, k-14+14, /0+19), giving 6404 with 
F > 2a(F). Initial absorption correction applied, based on 108 4) scans of three 
reflections distributed through the 26 data range, (min. and max. transmission 
factors = 0.1345, 0.2371). Slight crystal decay; mm. and max. correction 0.95, 
1.05 applied. 
Structure Analysis and Refinement 
Patterson synthesis (Os) followed by iterative cycles of least-squares 
refinement and difference Fourier syntheses revealed the positions of all 
non-hydrogen atoms. The 1,4,7-trithiacyclononane macrocyclic ligand was 
present in both enantiomeric forms and these were refined as idealized rigid 
groups with the site occupancies summing to one. At isotropic convergence 
empirical correction for absorption was applied, (DIFABS; mm. and max. 
correction = 0.905, 1.072). Full-matrix least-squares with H-atoms in calculated 
positions and isotropic thermal motion for Os, S. C, B, N and 0 atoms. The 
weighting scheme w 1 = a 2 (F ) + 0.000106F 2  gave satisfactory agreement 
analysis. Final R and RW  are 0.0292 and 0.0379 for 583 parameters refined and 
the final 1Fsvnthesis showed max. peak and mm. trough of 0.59, 0.87 eA 3 . 
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[Rh(L3)cp*](x)2, X = BPh,PF 6 
(i) (RhCl2Cp*]2  (50 mg., 0.08 mmole) was dissolved in degassed methanol and 
solid L3, (29 mg., 0.16 mmole), was added. The reactants were refluxed for an 
hour under nitrogen to produce a yellow solution. The product was isolated as 
the tetra-phenyl borate and hexa-fluorophosphate salts and recrystallized from 
a nitromethane/diethyl ether mix to afford yellow crystals. (a)[Rh(L3)Cp*](BPh4)2 
yield 55 mg., 65%. Mol. Wt. 1056.94. (Found C, 70.2; H, 6.16; S, 8.6%. CaIc. for 
C64H67B2Rh5 3 C, 72.7; H, 6.39; S, 9.1%.) I.R. Spectrum (KBr Disc) \(CH2) 2920 
cm -1 , 6(CH 2) 1423 cm- 1.  Other bands: 1578, 1475, 1365, 1260, 1129, 1061, 1014, 
903, 840 1- 735, 705, 610, 465, 325 cm 1 . 13C n.m.r. Spectrum (CD 3CN) 6 = 36.68 
p.p.m. (C-1-1 2 's of L3), = 8.29 p.p.m. (C-H 3 's of Cp*). (b) [Rh(L3)Cp*](PF6)2 
yield 32 mg., 57%. Mol. Wt. 708.28. (Found C, 26.9; H, 3.73%. CaIc. for 
C16H27F12P 2RhS 3 C, 27.0; H, 3.75%.) 
[lr(L3)Cp*](X)2, X = BPh,PF 
Method as for (i) above using [lrCl2Cp*]2, (30 mg., 0.038 mmole), and L 3, (14 
mg., 0.076 mmole). The product was isolated as a white powder. (a) 
[lr(L3)Cp*](BPh4)2 : yield 21 mg., 48%. Mol. Wt. 1146.26. (Found C, 67.2; H, 
5.91%. CaIc. for C6 4 H6 7 B2lrS 3 C, 67.1; H, 5.89%. I.R. Spectrum (KBr Disc) v(CH 2) 
2915 cm 1 ), 5(CH 2 1422 cm -1 ). Other bands: 3045, 2980, 1578, 1478, 1439, 
1400, 1381, 1265, 1170, 1126, 1061, 1019, 934, 905, 842, 818, 735, 705, 610, 465, 
322 cm -1 . 3C n.m.r. Spectrum (CD3CN) 6 = 36.98 p.p.m. (C-1-1 2 's of L 3), 6 = 
8.94 p.p.m. (C-1-1 3 's of Cp*).  (b)  [lr(L3)Cp*](PF6)2.CH3NO2 : the product was 
recrystallized from a nitromethane/diethyl ether mix affording pale pink 
microcrystals. Yield 15 mg., 45%. Mol. Wt. 858.60. (Found C, 23.5; H, 3.39; N, 
1.62%. CaIc. for C17H30F121rNO2P 2S 3 C, 23.7; H, 3.49; N, 1.63%.) 
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[Ru(L3)(C 6 Me6)](BPh 4) 2 
[RuCl 2(C 6 Me 6)]2, (50 mg., 0.076 mmole), was dissolved in degassed methanol 
and solid L 3, (27 mg., 0.14 mmole) was added and the mixture stirred at room 
temperature for 10 minutes. The solution was then filtered, to remove 
unreacted starting material, and addition of excess NaBPh 4 precipitated a pale 
yellow solid. I.R. Spectrum (KBr Disc): 3030, 2980, 2925, 1578, 1477, 1441, 1424, 
1405, 1265, 1173, 1127, 1063, 1029, 945, 905, 845, 820, 735, 705, 610, 465, 328 
cm 1 . 
[Os(L 3)(4-MeC 6H4 Pr)](Bph 4 ) 2 .CH 3NO 
Method as for (I) above using [OsCl2(4-MeC 6H4 'Pr)]2, (30 mg., 0.038 mmole), and 
L3, ( 14 mg., 0.076 mmole). The product was isolated as a white powder which 
was recrystallized from a nitromethane/diethyl ether mix to give colourless 
crystals. Yield 25 mg., 55%. Mol. Wt. 1201.24. (Found C, 64.3; H, 5.64; N, 1.42%. 
CaIc. for C651-169 13 2 1\10 2OsS 3  C, 65.0; H, 5.54; N, 1.17%. I.R. Spectrum (KBr Disc) 
v(CH 2) 2930 cm - ', 6(CH 2) 1430 cm -1 , 'v(NO 2) 1554,1373 cm -1 . Other bands: 
3050, 2980, 1578, 1549, 1478, 1441, 1405, 1372, 1267, 1132, 1061, 1031, 908, 845, 
820, 753, 735, 705, 652, 610, 509, 466, 382, 328, 305 cm -1 
[Ru(L 3)(dmso) 2Cl](pF6) 
RuC1 3, (0.25g. 1.01 mmole), was dissolved in dmso, (20 ml.), and the solution 
heated to 160 ° C for 1.5 hours. L 3, (0.19g. 1.05 mmole), was added to the cooled 
solution and the reaction mixture heated to 60 ° C for 2 hours. Excess NH 4 PF6 
was added to the resulting yellow solution and yellow crystals formed over a 
period of several days. 
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Table 3.4. 
Selected bond Lengths (A) with standard deviations for 
[Os(L 3 ) ( 4-MeC6 H 4 1 Pr) I (BPh4 ) 2 .CH 3 NO 2 
Os-S(1) 2.3207(14) C(5')-C(6') 1.512(8) 
Os-S(4) 2.3594(14) C(6')-S(7') 1.879(8) 
Os-S(7) 2.3439(14) S(7')-C(8') 1.783(8) 
Os-S(1 1 ) 2.281(5) C(8')-C(9') 1.512(8) 
Os-S(4') 2.442(5) C(1R)-C(2R) 1.397(7) 
Os-S(7') 2.375(5) C(1R)-C(6R) 1.417(7) 
Os-C(1R) 2.281(5) C(1R)-C(1RS) 1.507(8) 
Os-C(2R) 2.239(5) C(2R)-C(3R) 1.425(7). 
Os-C(3R) 2.223(5) C(3R)-C(4R) 1.423(7) 
Os-C(4R) 2.275(5) C(4R)-C(5R) 1.424(7) 
Os-C(5R) 2.223(5) C(4R)-C(2RS) 1.505(8) 
Os-C(6R) 2.234(5) C(5R)-C(6R) 1.396(7) 
S(1)-C(2) 1.8423(20) C(2RS)-C(3RS) 1.534(11) 
S(1)-C(9) 1.8310(20) C(2RS)-C(4RS) 1.486(10) 
C(2)-C(3) 1.5124(20) B(1)-C(111) 1.702(6) 
C(3)-S(4) 1.8307(20) B(1)-.C(121) 1.692(6) 
S(4)-C(5) 1.8424(20) B(1)-C(131) 1.694(6) 
C(5)-C(6) 1.5122(20) B(1)-C(141) 1.687(6) 
C(6)-S(7) 1.8308(20) B(2)-C(211) 1.687(6) 
S(7)-C(8) 1.8423(20) B(2)-C(221) 1.695(6) 
C(8)-C(9) 1.5124(20) B(2)-C(231) 1.685(6) 
S(1')-.C(2') 1.783( 8) B(2)-C(241) 1.686(6) 
S(1 1 )-C(9') 1.879( 8) C 	- 	N 1.434(13) 
C(2')-C(3') 1.512( 8) N - 0(1) 1.122(15) 
C(3')-S(4') 1.879( 8) N 	- 0(2) 1.101(16) 
S(4')-C(5') 1.783( 8) 
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Table 3.5. 
Selected angles(*) with standard deviations for 
[Os(L3 ) ( 4-MeC6H4 1 Pr) I (BPh4 ) 2 .CH 3NO2 
S(1) - 	 Os - S(4) 87.64( 	5) S(1') 	-C(2') -C(3') 114.5( 4) 
S(1) - 	 Os - S(7) 88.02( 	5) C(2') 	-C(3') -S(4') 112.4( 4) 
S(4) - 	 Os - S(7) 87.12( 	5) Os -S(4 1 ) -C(3') 103.3( 3) 
S(1') - 	 Os -S(4 1 ) 86.60(18) Os 	-S(4 1 ) -C(5 1 ) 105.2( 3) 
S(1') - 	 Os -S(7 1 ) 88.20(18) C(3') 	-S(4') -C(5') 101.7( 3) 
S(4 1 ) - 	 Os -S(7 1 ) 84.55(18) S(4') 	-C(5') -C(6 1 ) 114.5( 4) 
C(1R) - 	 Os -C(2R) 36.00(18) C(5 1 ) 	 .-C(6') -S(7') 112.4( 4) 
C(1R) - 	 Os -C(3R) 66.07(18) C(6') 	-S(7') -C(8') 101.7( 3) 
C(1R) - 	 Os -C(4R) 78.56(18) S(7') 	-C(8') -C(9') 114.5( 4) 
C(IR) - 	 Os -C(5R) 66.06(18) S(1') 	-C(9') -C(8') 112.4( 4) 
C(1R) - 	 Os -C(6R) 36.56(18) C(2R) 	-C(1R) -C(6R) 117.9( 5) 
C(2R) - 	 Os -C(3R) 37.24(18) C(2R) -C(1R) -C(1RS) 121.1( 5) 
C(2R) - 	 Os -C(4R) 66.73(18) C(6R) -C(1R) -C(IRS) 121.0( 5) 
C(2R) - 	 Os -C(5R) 77.79(18) C(1R) 	-C(2R) -C(3R) 121.0( 4) 
C(2R) - 	 Os -C(6R) 65.21(18) C(2R) -C(3R) -C(4R) 121.3( 4) 
C(3R) - 	 Os -C(4R) 36.87(18) C(3R) 	-C(4R) -C(5R) 116.5( 4) 
C(3R) - 	 Os -C(5R) 66.01(18) C(3R) 	-C(4R) -C(2RS) 123.9( 5) 
C(3R) - 	 Os -C(6R) 77.60(19) C(5R) -C(4R) -C(2RS) 119.5( 5) 
C(4R) - 	 Os -C(5R) 36.90(18) C(4R) 	-C(5R) -C(6R) 1216( 5) 
C(4R) - 	 Os -C(6R) 66.16(18) C(1R) -C(6R) -C(5R) 121.6( 5) 
C(5R) - 	 Os -C(6R) 36.50(19) C(4R) -C(2RS)-C(3RS) 107.9( 5) 
Os - S(1) - C(2) 106.58( 8) C(4R) -C(2RS)-C(4RS) 115.0( 6) 
Os - S(1) C(9) 102.42( 7) C(3RS)-C(2RS)-C(4RS) 111.6( 6) 
C(2) - S(1) - C(9) 101.29( 9) C(111)- 6(1) -C(121) 108.4( 3) 
S(1) - C(2) - C(3) 111.61(11) C(111)- B(1) -C(131) 112.1( 3) 
 - C(3) - S(4) 114.21(11) C(111)- 	B(1) -C(141) 108.7( 3) 
Os - S(4) - 	 C(3) 	.101.99(7) C(121)- 6(1) -C(131) 108.9(3) 
Os - S(4) - C(5) 106.13( 8) C(121)-. 	B(1) -C(141) 110.3( 3) 
 - S(4) - C(5) 101.29( 9) C(131)- B(1) -C(141) 108.5( 3) 
S(4) - C(5) - C(6) 111.61(11) C(211)- 8(2) -C(221) 109.3( 3) 
 - C(6) - S(7) 114.22(11) C(211)- 6(2) -C(231) 109.5( 3) 
Os - S(7) - C(6) 103.07( 	7) C(211)- 6(2) -C(241) 108.5( 3) 
Os - 5(7) - C(8) 105.60( 8) C(221)-. 	B(2) -C(231) 111.0( 3) 
 - S(7) - C(8) 101.29( 9) C(221)- B(2) -C(241) 110.3( 3) 
S(7) - C(8) - 	 C(9) 111.61(11) C(231)-. 	8(2) -C(241) 108.2( 3) 
5(1) - C(9) - C(8) 114.20(11) C 	- N - 0(1) 122.3(10) 
Os -S(1 1 ) -C(2 1 ) 106.2( 	3) C - 	N - 0(2) 119.3(11) 
Os -S(1 1 ) -C(9 1 ) 105.7( 	3) 0(1) 	- N - 0(2) 118.4(12) 
C(2') -S(1')7C(9') 101.7( 	3) 
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Table 3.6. 
Selected torsion angles(*) with standard deviations for 
[Os(L 3 ) ( 4-MeC 6 H 4 1 Pr) I (BPh4 ) 2 CH 3 NO 2 
	
Os - S(1) - C(2) - C(3) 	26.81(12) 
C(9) - S(1) - C(2) - C(3) 133.56(11) 
Os - S(1) - C(9) - C(8) 43.54(12) 
C(2) - S(1) - C(9) - C(8) -66.45(13) 
S(1) - C(2) - C(3) - S(4) -47.39(14) 
C(2) - C(3) - S(4) - Os 42.95(12) 
- C(3) - S(4) - C(5) -66.44(13) 
Os - S(4) - C(5) - C(6) 	27.40(12) 
- S(4) - C(5) - C(6) 133.56(11) 
S(4) - C(5) - C(6) - S(7) -47.40(14) 
C(5) - C(6) - S(7) - Os 	42.71(12) 
- C(6) - S(7) - C(8) -66.43(13) 
Os - S(7) - C(8) - C(9) 	26.38(12) 
- S(7) - C(8) - C(9) 133.55(11) 
S(7) - C(8) - C(9) - S(1) -47.40(14) 
Os -S(1 1 ) -C(2 1 ) - C(3 1 ) -43.5( 5) 
C(9') -S(1') -C(2') -C(3') 	66.9( 5) 
Os -S(1 1 ) -C(9 1 ) -C(8 1 ) -22.5( 5) 
C(2') -S(1') -C(9') -C(8') -133.3( 4) 
Z(1') -C(2') -C(3') -S(4') 	45.4( 5) 
C(2') -C(3') -S(4') - Os -24.3( 4) 
C(2') -C(3') -S(4') -C(5') -133.2( 4) 
Os -S(4 1 ) -C(5 1 ) -C(6 1 ) -40.5( 5) 
(3') -S(4') -C(5') -C(6') 	66.9( 5) 
5(4') -C(5') -C(6') -S(7') 45.4( 5) 
C(5') -C(6') -S(7') - Os 	-26.8( 5) 
-C(6') -S(7') -C(8 1 ) - 133.3( 4) 
Os -S(7 1 ) -C(8 1 ) -C(9 1 ) -43.7( 5) 
-S(7') -C(8') -C(9') 	66.9( 5) 
S(7') -C(8') -C(9') -S(1') 45.4( 5) 
C(6R) -C(1R) -C(2R) -C(3R) 	-1.7( 7) 
C(1RS)-C(1R) -C(2R) -C(3R) 179.0( 5) 
C(2R) -C(1R) -C(6R) -C(5R) 	1.6( 8) 
C(1RS)-C(1R) -C(6R) -C(5R) -179.0( 5) 
C(1R) -C(2R) -C(3R) -C(4R) 	-0.7( 7) 
C(2R) -C(3R) -C(4R) -C(5R) 3.1( 7) 
C(2R) -C(3R) -C(4R) -C(2RS)-175.1( 5) 
C(3R) -C(4R) -C(5R) -C(6R) -3.2( 7) 
C(2RS)7C(4R) -C(5R) -C(6R) 175.1( 5) 
C(3R) -C(4R) -C(2RS)-C(3RS) 93.5( 7) 
C(3R) -C(4R) -C(2RS)-C(4RS) -31.9( 8) 
C(5R) -C(4R) -C(2RS)-C(3RS) -84.7( 6) 
C(5R) -C(4R) -C(2RS)-C(4RS) 150.0( 6) 
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3.4.2. Bis Sandwich Complexes with L3 
Single Crystal Structure Determination of [Ru(L 3)2](BPh4)2.2(CH3SQCH 3) 
Crystals were obtained by cooling a solution of the complex in dmso. 
Crystal Data 
[C12H24RuS6] 2 '.2(C24 H 20 B) - .2(C 2 H 6OS), M = 1222.3. Monoclinic, a = 14.134(3), b = 
11.0963(19), c = 19.743(4) A, 	= 94.497(16) A, V= 3086.7 A 3, (by least-squares 
refinement on diffractometer angles for 12 centred reflections, A = 0.71069 A), 
- space group P21 1c Z=2, 0 = 1.315 gcm 3. White plates. Crystal dimensions 
0.54 x 0.33 x 0.08 mm, ii(Mo- K) = 5.17 cm -1 
Data Collection and Processing 
AED-2 four circle diffractometer, w - 2 mode with w scan width 0.8 0 + 
0.347(tane) ° , graphite monochromated MoKa  radiation; 4270 reflections 
measured, (2.5<e<22.5 0 , h -15-15, k -11-*11, I 0-21), giving 2936 with 
F > 6p(F), no absorption correction, no crystal decay. 
Structure Analysis and Refinement 
The ruthenium atom lies on a special position, ( 1/2, 0, '/2), a centre of inversion, 
and from this starting point DIRDIF located all remaining non-solvent and 
non-hydrogen atoms. Successive least-squares cycles and difference Fourier 
syntheses yielded the positions of the solvent atoms. Full matrix least-squares 
with idealized phenyl rings for BPh 4 , H-atoms in calculated positions and 
anisotropic thermal parameters for Ru, 5, 0, C and B atoms. The weighting 
scheme w 1 = a 2(F) + 0.000435F 2  gave satisfactory agreement analysis. Final 
R and R are 0.0431, 0.0590 for 322 parameters and the final AF synthesis 
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showed max. peak and mm. trough of 0.65, 0.52 eA 3 . 
Single Crystal Structure Determination of [Ru(L 3)21(BPh 4 ) 2 .2CH 3 NO2 
Crystals were obtained by cooling a solution of the complex in nitromethane. 
Crystal Data 
[C12H24Ru] 2 .2(C24 H20 B) - .2(CH 3 NO 2 ), M = 1222.28. Monoclinic, a = 1 1.200(50), b = 
18.247(13), c = 14.323(17) A, 8 = 90.78(4) 0 , V = 2927 A 3, (by least-squares 
refinement on diffractometer angles for 20 centred reflections, A = 0.71069 A), 
space group P21 1fl Z = 2, 0 = 1.387 gcmT 3. Colourless tablets. Crystal 
dimensions 1.16 x 0.46 x 0.31 mm, .i(Mo-K) = 4.82 cm - 
Data Collection and Processing 
AED-2 four circle diffractometer, w - B mode with w scan width 0.875 0 + 
0.347(tan8) ° , graphite monochromated Mo-K u radiation; 5551 reflections 
measured, (2.5<8<22.5 0 , h-13+13, kO+20, /0-.16), giving 3759 with 
F > 6a(F), no initial absorption correction, no crystal decay. 
Structure Analysis and Refinement 
The ruthenium atom lies on a special position, (1/2,  /2, V2) a centre of inversion, 
and from this starting point DIRDIF located all remaining non-solvent and 
non-hydrogen atoms. Successive least-squares cycles and difference Fourier 
syntheses yielded the positions of the disordered solvent atoms. At isotropic 
convergence empirical correction for absorption applied, (DIFABS; mm. and max. 
correction = -4998, 2.496). Full matrix least-squares refinement with idealized 
phenyl rings for BPh 4 , H-atoms in calculated positions, anisotropic thermal 
motion for Ru, S. C and B and idealized nitromethane molecules disordered 
over two positions. The weighting scheme, iv = a2(F) + 0.004381 F 2  gave 
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satisfactory agreement analysis. Final R and R are 0.0691, 0.1005 for 277 
parameters refined and the final AF synthesis showed max. peak and mm. 
trough of 1.14, 1.11 eA 3 
[Ru(L3)2](BPh 4 ) 2.2(solvent) 
[RuCl 2(arene)] 2, (arene = C 6 H 6 , 4-MeC 6 H 4 Pr, C6Me 6), (50 mg.), was dissolved in 
degassed methanol and 4 molar equivalents of L 3 added. The reactants were 
refluxed for 2 hours during which time-the red colour of the ruthenium starting 
material faded to leave a colourless solution. Addition of excess NaBPh 4 
yielded a white solid which was recrystallized from a variety of solvents. (a) 
solvent = nitromethane : yield 56 mg., 60%. Mol. Wt. 1221. (Found C, 61.1; H, 
5.75; N, 2.29%. CaIc. for C 62 H 70 B 2 N 2 RuS 6 C, 60.9; H, 5.73; N, 2.29%.) 
I.R. Spectrum (KBr Disc) (CH 2) 2920 cm -1 , 6(CH2) 1436 cm -1 , v(NO2) 1554, 1373 
cm -1 : Other bands: 3055, 2985, 1578, 1478, 1444, 1429, 1405, 1265, 1171, 1129, 
1062, 1031, 935, 905, 845, 831, 752, 735, 705, 658, 610, 468, 330 cm.-i . 13C 
n.m.r. (d 6-dmso) 6 = 33.34 p.p.m. (CH 2 's of L). (b) solvent = acetonitrile : Mol. 
Wt. 1182.33. (Found C, 65.9; H, 6.06; N, 2.39%. Calc. for C 64 H 70 B2N 2RuS 6 C, 65.0; 
H, 5.97; N, 2.37%.) I.R. Spectrum (KBr Disc) v(CN 2243 cm -1 ). 
[Ru(L3)2](Cl0 4 )2.H 20 
RuCI 3 .31­1 20, (100 mg., 0.32 mmole), was dissolved in dimethvlsulphoxide (15 ml.) 
at 200 ° C. The solution was concentrated to 7 ml. and cooled to 20 ° C, and L 3 
(220 mg., 1.2 mmole) was added. The reaction mixture was heated to 140 ° C for 
3 hours; on cooling to room temperature a white solid precipitated. This 
product was dissolved in water and recrystallized by addition of NaCI0 4 . 
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[Os(L3)2](PF 6 ) 2 .CH 3 NO 2 
[OsCl2(4-MeC 6 H 4 1 Pr)] 2 (30 mg., 0.038 mmole) was refluxed in dry methanol with 
L3 (28 mg., 0.15 mmole) for 72 hours. Excess NH 4 PF6 was added to the resulting 
mixture and the solvent removed on a rotary evaporator. The residue was 
dissolved in nitromethane and addition of ether to this solution precipitated a 
light brown solid. Yield 11 mg., 31%. Mol. Wt. 901.69. (Found C, 17.6; H, 2.93; N, 
1.45%. Caic. for C13H2 7 F 12 NO 20sP 2 S 6  C, 17.3; H, 3.00; N, 1.55%.) I.R. Spectrum 
(KBr Disc) v(CH 2 2930 cm 1 ), 6(CH2 1423 cm- 1). 
[I r(L 3)Cl3J 
[lrCl3], (100 mg., 0.28 mmol) was dissolved in dmso (10 ml.) at 190 ° C under an 
atmosphere of nitrogen. The solution was allowed to cool to 50 ° C and L3 (50 
mg., 0.28 mmol) added. The mixture was then heated to 140 ° C for 30 minutes; 
during which time a yellow solid formed. This precipitate was filtered off and 
washed with acetone and air dried. (57 mg., 43%) Mol. Wt. (478.5),. (Found: C, 
14.8; H, 2.44%. Calc. for C6H 1 2C1 3 1r5 3 : C, 15.0; H, 2.53%.) I.R. Spectrum (KBr 
Disc) 'v(C-H) 2950 cm -1 , 6(C-H) 1420 cm -1 , u(Ir-Cl) 300 cm - 1 . 
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Table 3.7. 
Selected bond lengths(A) with standard deviations for 
[Ru(L3 ) 2 1(BPh 4 ) 2 (dmso) 2 , [ A], and 
[Ru(L3 ) 2 ](BPh4 ) 2 (CH 3 NO 2 ) 2 , [ B]. 
[A] [B] 
Ru - 5(1) 2.3285(12) 2.3388(17) 
Ru - S(4) 2.3343(13) 2.3363(16) 
Ru - S(7) 2.3335(12) 2.3308(17) 
S(1) -C(2M) 1.812( 6) 1.831( 	7) 
C(2M) -C(3M) 1.506( 8) 1.523(10) 
C(3M) - S(4) 1.832( 6) 1.833( 	7) 
S(4) -C(5M) 1.820( 6) 1.807( 8) 
C(5M) -C(6M) 1.511( 8) 1.497(11) 
C(6M) - S(7) 1.837( 6) 1.866( 8) 
S(7) -C(8M) 1.827( 6) 1.811( 8) 
C(8M) -C(9M) 1.521(  1.497(11) 
C(9M) - Si 1.834( 6) 1.823( 8) 
B -C(11) 1.691( 6) 1.697(11) 
B -C(21) 1.712( 6) 1.715(11) 
B -C(31) 1.680( 6) 1.674(11) 
B -C(41) 1.700( 6) 1.698(11) 
S - 	 0 1.495(5) 
S - C(1) 1.734(  
S - C(2) 1.728( 9) 
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Table 3.8. 
Selected angles(') with standard deviations for 
[Ru(L 3 ) 2 ](BPh4 ) 2 (dmso) 21  [A], and 
[Ru(L3 ) 2 1(BPh 4 ) 2 (CH 3 NO 2 ) 21 [B]. 
[A] [B] 
5(1) - 	 Ru - S(4) 87.82( 4) 87.74( 6) 
S(1) - 	 Ru - S(7) 88.07( 4) 87.65( 6) 
S(4) - 	 Ru - S(7) 88.27( 4) 87.94( 6) 
Ru - S(1) -C(2M) 102.62(19) 101.93(24) 
Ru - S(1) -C(9M) 105.87(18) 105.4( 3) 
C(2M) - 5(1) -C(9M) 101.1( 	3) 101.3( 3) 
S(1) -C(2M) -C(3M) 115.1( 	4) 113.4( 5) 
C(2M) -C(3M) - S(4) 112.4( 4) 111.1( 5) 
Ru - S(4) -C(3M) 105.90(19) 105.98(23) 
Ru - S(4) -C(5M) 102.31(19) 102.3( 3) 
C(3M) - S(4) -C(5M) 102.4( 3) 102.3( 3) 
S(4)-C(5M) -C(6M) 114.6( 	4) 114.1( 5) 
C(5M) -C(6M) - S(7) 112.4( 	4) 111.9( 5) 
Ru - S(7) -C(6M) 105.42(18) 104.90(25) 
Ru S(7) -C(8M) 102.24(19) 102.8(  
C(6M) - S(7) -C(8M) 101.3( 	3) 101.0(  
S(7) -C(8M) -C(9M) 113.9( 	4) 114.7( 6) 
S(1)-C(9M) -C(8M) 111.5( 	4) 112.4( 6) 
C(11)- B -C(21) 110.5( 	3) 107.1( 4) 
C(11) 4 - B -C(31) 110.0( 	3) 111.2( 4) 
C(11) - 	 B -C(41) 109.6( 	3) 109.6( 4) 
C(21) - 	 B -C(31) 107.6( 	3) 111.3( 4) 
C(21) - 	 B -C(41) 110.6( 	3) 109.7( 4) 
C(31) - 	 B -C(41) 108.4( 	3) 108.1( 4) 
0 - 	 S - 	C(1) 108.6( 4) 
0 - 	 S - C(2) 106.7( 	4) 
C(1) - 	 S - C(2) 98.3( 	4) 
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Table 3.9. 
Selected torsion angles(*) with standard deviations for 
[Ru(L3 ) 2 1(BPh 4 ) 2 (drnso) 21  [A], and 
[Ru(L3 ) 2 ](BPh4 ) 2 (CH 3 NO2 )
21 [B]. 




C ( 2M) 
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S(4) 
C ( 5M) 













-C(3M) - S(4) 
- S(4) -C(5M) 
-C(5M) -C(6M) 
-C(6M) - S(7) 
- S(7) -C(8M) 
-C(8M) -C(9M) 
-C(9M) - S(1) 
67.7( 5) 63.8( 6) 
-134.7(  -133.6( 6) 
44.9(  49.7(  
-131.2( 4) -135.3( 5) 
67.8( 4) 65.0( 6) 
46.5( 5) 48.2( 7) 
-132.5( 4) -132.9( 6) 
65.7(  67.2( 6) 
48.3(  46.9( 7) 
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Table 3.10 'H n.m.r. Data for Complexes formed with L 3 
(P. P.M.) 
Complex Solvent Carbocyclic Ring Macrocyclic Ligand 
[Ru(L 3 ) (C6Me6)J(Bph4)2 d 6 -dmso 2.24 (S, C6Me6 ) 2.90 (br.s., CM 2 ) 
[Os(L 3 ) (4-MeC 6 H4 1pr)J (BPh4 ) 2 d 6 -dmso 6.55, 6.39 (HAHB 5, 	2.7 (br.s., CH 2 ) 
J 6Hz), 2.35 	(S, Me) 
1.20 (d, CHMe2 ). 
[Rh(L3)CP:.] (Bph4)2 
CD 3NO2 2.03 (S, C5Me) 3.18 (br.s., CM2 ). 
[Ir(L 3 )Cp 	I (BPh) CD3NO2 2.12 (S, C5Me) 2.90 (br.s., CH 2 ) 
[Ru(L 3 ) 2 J (BPh4 ) 2 	¶ d6-dmso 
- 2.98 (m, CM 2 ) 
[Os(L 3 ) 2 ] (BPh4)2 d6-dmso 
- 2.67 (br.s., CH 2 ) 
Chemical shifts measured in CD 3NO2 (6 4.33 p.p.m.), d 6 -dmso (6= 2.50 p.p.m.) were 
referenced to the residual proton resonances of the respective solvents. 
[BPh4 } resonances observed between 5= 6.8 - 7.5 p.p.m. 




Thia and Aza Crown Ligands 
CHAPTER 4 
BINUCLEAR COMPLEXES INCORPORATING THIA AND ALA. CROWN LIGANDS 
4.1. Introduction 
The larger ring thia and aza macrocyclic ligands are, in general, easier to 
synthesize than the strained 9 membered analogues 1- 1 , L2 and 1-3. However, 
there are relatively few reports of transition metal complexes incorporating 
these ligands and fewer still where the macrocycles act as bridging groups in 
the formation of binuclear complexes. This chapter outlines the preparation of a 
-range of binuclear complexes where the metal atoms are - bridged by the 
macrocyclic ligands 1 ,4,7,lO,13,16-hexathiacyclooctadecane, (L 4), 
1,4,8,1 1-tetrathiacyclotetradecane, (1- 5), 1,4,7,10,13,16-hexaazacyclooctadecane, 
and 1,10-diaza-4,7,13,16,-hexathiacyclooctadecane, (1- 7), and, as an 










Unlike the strong template effect and corresponding high yields of 
macrocyclic polyoxa ethers offered by oxygen co-ordination of alkali metal ions 
during cyclization of polyoxa units 212, the low sulphur affinity of alkali metal 
ions renders template effects of little consequence in the synthesis of polythia 
macrocycles. Thus the competition between cyclization and predominant linear 
polymerization is more statistically defined, with the cyclization only kinetically 
favoured at high dilution 213. Therefore, most of the synthetic methods for these 
polythia rings involve long reaction times and high dilution techniques. 
Glass at a/s method 189  for the preparation of the nine membered 
1,4,7-trithiacyclononane, L 3, also produces appreciable yields of the 18 
membered hexathia ring, L4, see Section 3.1. Although this is a useful method 
of preparing L4 there are more direct routes 214, and Ochrymowycz at at have 
published 215  a systematic approach to the synthesis of a range of macrocyclic 
polythia ethers of differing ring sizes and numbers of sulphur atoms. 
In contrast, the hexaaza macrocyclic ligand L 6 can be prepared in good 
yields without high dilution techniques or use of metal templates. The 
procedure of Oettle at al 216  is similar to that utilised for the synthesis of 
1,4,7-triazacyclononane, but uses methane and p-toluenesulphonate esters as 
superior leaving groups to halides in the cyclization step. 
It should be noted that, in line with increasing interest in these macrocycles 
as ligands, they are now available from commercial suppliers. 
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4.1.2. 1.4,7,10,13,1 6-hexathiacyclooctadecane 
The hexathia macrocyclic ligand, L 4, shows a variety of binding modes to 
transition metal ions including octahedral, square planar and tetrahedral 
geometries and there is one example of L 4 acting as a bridging ligand. There 
are also a number of complexes formed with larger, more flexible hexathia 
macro cycles. 
The single crystal X-ray structure 217  of the 18 membered ring shows that 
the sulphur atoms are oriented both out of the ring, exodentate, and into the 
ring, endodentate. Other results indicated 218 ' 219 that, in general ; the S atoms in 
uncomplexed thioethers existed solely in the exo form. The one exception to 
this being 1,4,7-trithiacyclononane, which only has endodentate sulphur atoms; 
this can be attributed to angular constraints imposed by the unusually small 
ring. 
L4  also differs dramatically in ring conformation from the oxa analogue, 
18-crown-6. The conformation of these crown type ligands can be specified by 
the torsion angles about the C-O or C-S bonds ; the strain free values of which 
are 1800; anti, and 60 0 , gauche. L4 crystallizes with all C-S bonds in the 
gauche configuration, but 18-crown-6 has 10 C-O bonds that adopt the anti 
conformation 22022 . The reason for this difference arises from unfavourable 
1,4-interactions of the methylene groups when the intervening C-C bond is in 
the gauche position. The longer C-S bond distances place the methylene 
groups far enough apart to remove any adverse contacts 217 . 
The first transition metal complexes of L 4 were prepared by Black and 
McLean in 1969 and reported 214  along with the original synthesis of the ligand. 
They assigned the Ni(ll) and Co(ll) complexes as octahedral M:L, 1:1 species and 
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this was subsequently confirmed by Cooper and co-workers by X-ray structural 
determinations 222 ' 223. The hexathia macrocycle wraps round the nickel(II) ion to 
give an almost perfect octahedral complex, [Ni(L4)]2 222 [1]. However, the 
metal sulphur bond lengths are considerably shorter, Ni-S = 2.376(1), 2.389(1) 
and 2.397(1) A, than would be expected from the sum of the respective 
covalent radii and this is due to the "Macrocyclic Constriction" effect; the nickel 
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The single crystal X-ray structure 200 ' 223 of [Co(L4)]2 shows a centrosymmetric 
cation with a tetragonally distorted CoS6 co-ordination sphere [2]. There are 
four short, 2.251(1), 2.292(1) A, and two long, 2.479(1) A, bonds, which would be 
expected for a Jahn-Tellar distorted, low spin d 7 ion. The ligand co-ordinates 
as the meso isomer which results in gauche conformation of all C-S bonds, a 
pronounced tendency for both free and complexed crown thia ethers. The 
complex is stabilized with respect to oxidation, up to the Co(Ill) complex, and 
this has been ascribed to the ir-acidic properties of the sulphur donors 200 . 
However, this redox stability may also be due to the stereorestrictive mode of 
co-ordination of L4 ; the complex [Co(L 3)2]2 , with the same CoS 6 chromophore, 
is readily oxidized to the corresponding CO(Ill) complex which is stable in 
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solution and the solid state 199 
The hexathia ligand has the ability to stabilize both low and high oxidation 
states, but this is much less pronounced than for 1,4,7-trithiacyclononane, L 3 . 
The crystal X-ray structures of both [Cu(L 4)], n = 1 or 2, have been 
reported 224. The d 9 Cu(II) ion displays tetragonally distorted octahedral 
symmetry, [31 with four short, 2.323(1) A, and two long, 2.402(1) A, copper 
sulphur bonds. L4 adopts a conformation that maximizes the number of gauche 
placements at the C-S bonds. The d 10 Cu(l) ion shows severely distorted 
tetrahedral geometry, [41 with two unco-ordinated sulphur atoms, (S13 and 
S16). There are two short Cu-S distances, Cu-Si = 2.253(2), 
Cu-S10 = 2.245(2) A, and two long Cu-S distances, Cu-S4 = 2.360(2), 
Cu-S7 = 2.358(2) A. Considering the vast structural differences it is somewhat 
surprising that the Cu(ll)/(l) redox couple is fully reversible by cyclic 
voltammetry, this suggests that rapid Cu-S bond formation and cleavage 
occurs on electron transfer. The it-acidic properties of i in stabilizing the Cu(l) 
state are emphasized by comparison with the hexaaza analogue, where 
[Cu(L6)]2 shows an irreversible reduction 225. 
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L4  can also form 1:1 complexes with second and third row metal ions. The 
structures 226 of [M(L4)] 2 , M = Pd or Pt, are isomorphous, [51 with the metal 
adopting square planar geometry, (Pd-S = 2.31 14(14), 2.3067(15) A; 
Pt-S = 2.2980(25), 2.2948(24) A). There are also significant interactions with the 
remaining sulphur atoms, (Pd-S ap  = 3.2730(17) A; Pt-Sap  = 3.380(3) A), but these 
are not sited at apical positions, (S-Pd-S ap  = 75.06(5) ° 
SPtSap = 74.16(8) 0 ), due to conformational constraints of the hexathia 
macrocycle. 	It is interesting to compare these complexes with the 
1,4,7-trithiacyclononane species [M(L 3)2]2t M 	Pd or Pt 204  The bis sandwich 
species undergo a reversible one electron oxidation to the unusual M(III) state, 
the two 9 membered macrocyclic rings being flexible enough to accommodate 
the tetragonally distorted d 7 ion, see Section 3.1. However, L 4 does not have 
the same flexibility and the complexes [M(L 4)] 2 are redox inactive up to +2.0 V. 
(vs. Fc/Fc 4 ). 
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Particularly relevant to our work are the reports of binuclear complexes 
formed with hexathia macrocycles. The crystal X-ray structure 227  of 	- 
[Cu 2 (CH 3CN) 2 (L4)] 2 [6] shows each Cu(l) ion to have distorted tetrahedral 
geometry, being co-ordinated to three sulphur donors of L 4 and the nitrogen 
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atom of acetonitrile. There is also a secondary interaction between copper and 
a sulphur bonded to the other copper ion, Cu ... S = 3.64 A, despite being 
separated by 9 bonds in the ring. The metal atoms are 4.25 A apart and lie 
1.08 A above their respective S3 donor planes. The complex is stable to air 
oxidation, reflecting the net Ti-acceptor properties of the S3N donor set and its 
ability to stabilize the low valent Cu(l) state. 
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One way to increase the flexibility of the macrocyclic ligand is to introduce 
extra methylene groups into the carbon chains. Hexathia-24-S6, (24-S6), has 
propyl linkages between the sulphur atoms in place of the ethyl linkages of L 4, 
and a crystal X-ray structure determination 226  has shown that it envelopes a 
Ni(ll) ion in a similar fashion to L4  but without the macrocyclic Constriction of 
the metal sulphur bonds. The larger cavity size allows nickel sulphur distances 
in the range 2.415(1) to 2.445(1) A, compared to 2.376(1) to 2.397(1) A for 
[N i(L4)]2 . 
24-S6 
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Another flexible analogue of L 4 is the 20-membered 
.1,4,7,11,14,17-hexathiacycloeicosane, (20-S6). This ligand has been used to 
generate a binuclear rhodium(l) complex 129, [Rh2(COD)2(20-S6)] 2 [71 where 
each metal ion is bound to three sulphur donors and a cyclooctadiene ligand, 
(COD). There are two long Rh-S bonds, 2.462(1) and 2.482(1) A, and one short 
Rh-S bond, 2.320(1) A, where the sulphur is trans to the olefin. This may be 
due to a-donation of electron density from the olefin, via the rhodium atom, to 
an empty 3d shell of the sulphur, causing a shortening of the Rh-S bond and a 







4.1.3. 1,4,8,11 -tetrathiacyclotetradecane 
The tetradentate thia macrocycle, L 5, has received some attention as a 
ligand for transition metal ions, but there are relatively few known complexes 
compared to the vast number incorporating the nitrogen analogue 
1,4,8,1 1-tetraazacyclotetradecane, cyclam 229. However, the versatility and 
remarkable flexibility of L 5  contrasts with that observed for cyclam, where only 
endo conformations have been found to date. 
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The single crystal X-ray structure 218  of L5  shows that there are two 
crystalline forms of the macrocyclic ligand, but both of these have the sulphur 
atoms exodentate. There are eight gauche and six anti interactions in the 
exodentate form and six gauche and eight anti interactions in the endodenate 
conformer and L 5  adopts the configuration with the maximum number of 
gauche C-S bonds. A contributing factor in destabilizing the endodentate form 
may be the repulsion between the lone pairs on the sulphurs, however, this is 
removed on donation of electron density to a metal ion, allowing formation of 
endo complexes. It is interesting to note that even in the mixed oxygen sulphur 
systems, with ring sizes of 12, 15 and 18, the sulphurs are always found with 
lone pairs directed out of the macrocyclic cavity 230' 231 
L 
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Studies on metal chelates of several cyclic tetradentate ligands have 
revealed the importance of ring size and donor atom type in six co-ordinate 
complexes. Macrocyclic ligands that are flexible bind in a folded manner when 
the metal ion is too large to be encompassed by them 232 . This critical ring size 
occurs at different values for different sets of donor atoms and metal ions. In 
the case of four nitrogen donors in a fully saturated ring, House and Curtis 233 
have shown that a 13-membered ring is capable of surrounding a first row 
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transition metal ion, while Coliman and Schneider 234 have demonstrated that a 
12-membered ring must fold. However, in the tetradentate macrocyclic ligands 
with the larger sulphur donors, Rosen and Busch 235,236 have shown that the 
13-membered ring, 1,4,7,10-tetrathiacyclotridecane (13-S4), co-ordinates to 
Ni(lI) in a folded manner and the 14 membered ring, L 5 , is required to 
encompass the metal ion. 
The smaller metal ions, such as Ni(ll) 237 and Cu(11) 236, form trans complexes 
with 1,4,8,1 1-tetrathiacyclotetradecane. The single crystal -structure of 
[Cu(L5)](C10 4) 2 [81 shows a square planar Cu(II) ion co-ordinated to the four 
sulphur donors of the macrocycle and two trans Cu-0C103 bonds,- 2.652(4) A, 
complete the Jahn Tellar distorted sphere. With the larger Rh(Ill) ion the ligand 
remains endo quadridentate but folds to give cis symmetry 232. Travis and 
Busch have prepared 232  a number of cis complexes of the type (M(L 5)X2 ]Y [91 
M = Co, Rh; X = Cl, Br; Y = univalent counter ion. However, bulky iodide ions 









The compound [Ru(L 5)C1 2] was originally assigned a trans conformation by 
Poon and Che 238  on the basis of far infra red spectroscopy. This structure was 
somewhat surprising considering that the smaller Rh(Ill) and CO(Ill) ions adopt a 
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folded configuration. However, the crystal X-ray structure of [Ru(L 5)C1 2 J, 
subsequently reported by Poon and Lai 239, showed that the complex had the 
expected cis form. This structure emphasizes the importance of TI-back 
bonding stabilizing Ru(ll). The sulphur trans to chlorine has full access to the 
d-orbital on ruthenium and the Ru-S bond distance is short, 2.262(1) A, but the 
sulphur trans to sulphur has competition for the electron density on the metal 
and the Ru-S bond length is correspondingly long, 2.333(1) A. The folding of 
the macrocycle would enhance the back bonding by maximizing the number of 
sulphur atoms trans to chlorine. 
The folding of L5- to give cis complexes was assumed to be due to the 
larger size of these ions which prevents them from sitting in the plane of the 
macrocycle. However, Lemke et a/.240  have prepared a pseudo square planar 
complex [Rh(L5 ] incorporating Rh(l), an even larger cation. Consideration of the 
size of the ions and possible back bonding to the sulphur atoms would suggest 
that Rh(l) would have the greater tendency to adopt a folded configuration. It 
is clear that these factors, although important, are not the only ones that must 
be taken in account. 
There are five possible isomers of a square planar or tetragonal complex of 
L5 and, unexpectedly, [Rh(L 5)]Cl crystallizes in the "all up" configuration, [101240 . 
The distorted square planar Rh(l) ion sits 0.133(2) A above the S 4 plane and this 
unusual form is stabilized by weak intermolecular interactions, Rh ... Rh = 3.313 A, 
Rh ... S = 3.697(9)-3.822(9) A. The complex can be converted to the expected 
"up,down,up,down" form, [111 by treatment with NaBPh 4  in methanol at room 
temperature 240 . 
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The crystal X-ray structure 218 of, L5  demonstrated that the stable isomer 
exists with the lane pairs of the sulphurs oriented out of the macrocyclic cavity 
and this exo form is retained in a number of complexes. The structure 241,242  of 
[1-192CI41- 5] [121 shows a tetrahedral mercury(l1) ion bound to two of the sulphur 
donors of L5  and two chlorides. 
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The complex [(NbCl5)2L 5] [131 completes the known binding modes of 
1,A,8,11-tetrathiacyclotetradecane 243. In this structure L 5 bridges two NbCl 5 
fragments and acts as a monodentate ligand to each metal centre, leaving two 
unco-ordinated sulphur atoms. The Nb ion is not octahedral but is better 
described as a square pyramidal NbCI 5 bonded at the sixth position to the 
sulphur, with the equatorial chlorine atoms are bent over towards the 
macrocycle, SNbSeq = 97 .2(4) 0 . 
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4.1.4. 1,4,7,10,13,1 6-hexaazacvclooctadecane 
In comparison with the extensive chemistry of cyclam and its tetraaza 
macrocyclic analogues, the hexaaza ligands have received very little attention. 
The work, to date, has concentrated on the ability of the protonated free ligand 
to bind anions 244,245  and biological molecules, (e.g. chatecholamines 246). Only a 
few metal complexes have been reported. 
The single crystal X-ray structure of L 6 has been determined as 
L6.4HNO3.2HCI 244  and L6.6HNO3.H20 245 In both structures the ring is 
relatively flat, the average deviation from the mean plane being only 0.5 A, and 
there are strong intermolecular H-bonded networks. However, it is unlikely that 
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the protonated ligand, whose structure is dominated by hydrogen bonding, has 
any relevance to the geometries of complexed L 6 . 
The Co(Ill) complex, [Co(L 6 )1 3 [14] 247,248  crystallizes as the meso isomer 
with S6 symmetry implying that the macrocycle is composed of six equivalent 
-NH-CH 2CH 2- units. The cobalt nitrogen distance is 1.9988(8) A and the chelate 
angle at cobalt, N-Co-N = 83.62(3) 0 . This unusual type of structure has been 
noted before 249  and termed the "cobalt spinner", as it is suggestive of an old 
fashion spinning wheel which rotates about a three fold axis. The two 
methylene groups are crystallographically independent yet the 13C n.m.r 
spectrum shows only one resonance in aqueous solution. It is probable that the 
meso isomer undergoes rapid interconversion between two equivalent S6 
structures, resulting in an average 133d  symmetry 247 . 
NHfl 	1 





The Ni(lI) and Cu(II) complexes have also been prepared 250. These are 2:1 
electrolytes and exist in several isomeric forms, as shown by thin layer 
chromatography, but no structural data has been obtained. The complex 
[Ni(L6)] 2 is destroyed in aqueous acidic conditions, unlike the analogous cyclam 
complex which is stable in this medium. The electronic spectrum of [NI(L 6 )1 2 
is strictly analogous to that of [Ni(en)3] 2t (en = ethylenediamine) and addition 
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of excess NH 3 has no effect on the peak positions or intensities 251 . This 
suggests that all the co-ordination sites of the metal are taken up by the 
hexaaza ligand. The Ni(ll) species can be oxidized up to the Ni(lll) complex, 
[Ni(L6)]3 , which has been assigned a tetragonally compressed octahedral 
structure on the basis of e.s.r. evidence 251 . Other reports of complexes of L 6 
with first row metalshave appeared in Conference Abstracts but have not been 
published in the open literature. 
4.1.5. 1,1 O-diaza-4,7,13, 1 6-tetrathiacyclooctadecane 
The Synthesis of the mixed thia/aza rncrocycIe, L 7, was reported by Black 
and Mclean in a communication 252  that appeared in 1968. They also briefly 
mentioned the preparation of the Ni(ll) and Co((ll) complexes of the ligand, 
which were assigned octahedral stereochemistry with the nitrogen donor atoms 
trans to each other. 
The single crystal X-ray structure 253  of L7 shows a centrosymmetric 
molecule with all four C-N bonds adopting the anti position. The sulphur atoms 
are neither exodentate or endodentate, the C-S-C triangles being almost 
perpendicular to the macrocycle plane. Surprisingly, there are no intermolecular 
hydrogen bonded contacts. The amino proton is oriented into the cavity and 
this may be due to favourable contacts with the sulphur atoms, H ... S = 2.7(1), 
2.8(1) A, or to avoid the lone pair on the nitrogen pointing toward the lone 
pairs on the sulphur atoms. 
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RESULTS AND DISCUSSION 
The chloro-bridged dimers of ruthenium and osmium, ([MCI2(arene)1 2 , 
M = Ru, arene = C61­1 6, C6Me 6, 4-MeC 6 H 4 Pr; M = Os, arene = 4-MeC 6 H 4 1 Pr), and 
rhodium and iridium, ([MCl2Cp*12, M' = Rh, Ir), react readily with the triaza and 
trithia macrocycles to produce mixed sandwich complexes, see Chapters 2 
and 3. The aim of this portion of our work was to extend this chemistry to the 
reaction of these systems with the larger ring macrocycles, particularly the 
hexathia ligand L4. It had been shown 227 that L 4 would bind two copper atoms 
in the formation of a binuclear complex, [Cu2(NCCH 3) 2 L4 ] 2 , and it- was of 
interest to see whether L 4  would also bind two platinum group metal ions and 
augment the series of complexes incorporating both carbocyclic rings and 
macrocyclic ligands. 
4.2. 1,4,7,10,13,1 6-hexathiacyclo-octadecane 
4.2.1. Rhodium 
Reaction of the rhodium chloro-bridged dimer, [RhCl2Cp*]2, with one molar 
equivalent of L 4  in refluxing methanol produced a dark orange solution. Addition 
of excess NaBPh 4  precipitated a yellow powder, which was recrystallized from a 
nitromethane/diethylether mix to afford orange, air-stable crystals. 
The infra red spectrum of the complex displayed bands at 2920 and 
1420 cm - 1  for the C-H stretch and bend of L 4 , indicating the presence of the 
macrocyclic ligand. A weak band at 260 cm -1  was in the correct region for 
either a rhodium-chloride or rhodium-sulphur stretch. The counter ion, BPh 4 
showed characteristic strong bands at 1578, 1478, 735, 705 and 610 cm -1 . 
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The complex was soluble only in polar media, such as riitromethane, 
acetonitrile and dimethylsulphoxide, and essentially insoluble in acetone. The 
1 H n.m.r. spectrum, (CD 3 1\10 2), showed a singlet for the Cp*  ligand, 
6 = 1.82 p.p.m., and a multiplet at 6 = 7 p.p.m. for the counter ion. A large 
second order multiplet between 6 = 2.5 and 3.5 p.p.m. was attributed to 
co-ordinated L 4 and this contrasts markedly with the sharp singlet resonance, 
6 = 2.89 p.p.m., for the free ligand. The solvent peak for partially deuterated 
nitromethane appears at iS = 4.33 p.p.m., well away from the peaks of interest, 
allowing accurate integration of the spectrum. The integration indicated a ratio 
of 
L4 : 2Cp* : 2BPh 4 
However, there are not enough counter ions to balance the charge on the 
cation and there must also be two chloride ions present in the complex. 
A qualitative test for the presence of chloride ions was carried out by first 
destroying the compound in concentrated HNO 3, then adding a solution of 
AgNO3 in water. A positive result was observed by the formation of a cloudy 
precipitate of AgCl. The stoichiometry [Rh2Cp*2C12(L4)(BPh4)2]  was confirmed by 
elemental analysis. 
The 13C n.m.r. spectrum showed a singlet for the methyl carbons of the 
Cp* ligand, (6 	= 	8.75 p.p.m.), and three singlets of equal intensity, (6 = 28.57, 
35.77, 	35.98 ppm.), 	for 	the methylene carbons 	of the 	macrocycle, 	L4 . 	This 
indicates 	a less 	symmetrical structure than 	the 	facial type 	of co-ordination 
seen in the copper(l) complex [Cu2(CH3CN)2(L4)]2 	
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However, the question still remained as to whether the chloride was 
present as a ligarid or a counter ion. The fact that addition of silver nitrate to a 
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cold solution of the complex did not produce any precipitate suggested that 
there probably were no free chloride ions in solution, but to check this and 
also to examine the conformation of the macrocycle the single crystal X-ray 
structure was determined. 
Single Crystal X-Ray Structure of [Rh2Cp*2Cl2(L4)](BPh4)2 
Details of the structure solution are given in the Experimental Section. 
Selected bond lengths are given in Table 4.1, bond angles in Table 4.2 and 
torsion angles in Table 4.3, (X, Y, Z = S). An ORTEP plot showing the molecular 
structure of the cation is presented in Figure 4.1. 
The quality of the crystal was excellent and it produced strong diffraction 
data. The refinement was correspondingly good with low final R values, 
(R= 3.10%, R = 4.30%), and accurately determined atomic co-ordinates. 
Each octahedral Rh(Ill) ion is bound to two of the sulphur donor atoms of 
L4, a chlorine ion and the pentamethylcyclopentadienyl ligand. The macrocycle 
bridges the two metal centres, forming a binuclear complex, leaving two of the 
sulphur atoms unco-ordinated; this is the first example of this binding mode 
for L4 . The rhodium sulphur distances are; Rh-Si 2.3641(10) A, 
Rh-S4 2.3764(10) A with Rh-Cl 2.3865(10) A. The S-Rh-S chelate angle, 
87.04(3) 0 , is just less than that for perfect octahedral and the S-Rh-Cl are 
correspondingly just greater than 90 0 , Si-Rh-Cl 91.07(3) 0 and 
S4-Rh-Cl 94.77(3) ° . 
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Figure 4.1 	ORTEP Diagram of [Rh 2CrCt2(L)] 2 
Abstraction of the chloride from the complex, [Rh2Cp*2C12(L4)]2+,  proved to 
be extremely difficult. This was unexpected considering the ease of formation 
of the mixed sandwich cation, [Rh(L3)Cp*]2f,  which probably goes via an 
intermediate with the same co-ordination sphere, Cp*RhS2Cl,  before the 
chloride is displaced by the third sulphur of 1,4,7-trithiacyclononane. However, 
refluxing the complex with excess TIPF 6 in acetonitrile for several days does 
produce a cloudy precipitate of TICI. The yellow product isolated from this 
reaction was the solvated dimer, [Rh2Cp*2(CH3CN)2(L4)]4+. 
Removal of the chloride does not iriduoe co-ordination of the unbound 
sulphurs, and, in retrospect, this is reasonable taking into account the limited 
flexibility of the 18 membered hexathia ring. L 4 can co-ordinate three sulphurs 
tetrahedrally to the small Cu(l) ion 227  but cannot orient the sulphur donors to 
bind facially to a larger second row metal ion. A larger hexathia macrocycle 
may be able to achieve this type of co-ordination. 
Having prepared the solvated species it is possible to displace the 
acetonitrile with PEt 2 Ph. Reaction of [Rh2Cp*2(CH3CN)2(L4)]4+  with excess PEt 2 Ph 
in refluxing acetone affords the complex [Rh2Cp*2(PEt2Ph)2(L4)]44,  characterised 
by 31 P n.m.r.; doublet 22.84 p.p.m., RhP = 131.8 Hz. 
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4.2.2. Iridium 
There are no reports of iridium bound to larger ring thia macrocycles but, 
on the basis of our previous work with the nine membered thia and aza 
macrocycles L 1 , L2 and L3, the iridium chloro bridged dimer would be expected 
to react in a similar fashion to that of the rhodium analogue. 
Reaction of [lrCl2Cp*]2  with one molar equivalent of L 4 in refluxing 
methanol produced a yellow solution. Addition of excess of NaBPh 4 and 
subsequent recrystallization of the precipitate afforded a yellow crystalline 
solid. The infra red spectrum was very similar to that of [Rh2Cp*2Cl2(L4)](BPh4)2; 
the C-H stretch and bend of the methylene groups on the macrocycle gave 
bands at 2920 and 1421 cm- 1  and a weak band at 280 cm- 1  was tentatively 
assigned to an Ir-CI stretch. 
The complex did not exhibit good solubility in nitromethane so the 1 H n.m.r. 
spectrum was recorded from a solution of the complex in d 6-dmso. 
Unfortunately, the water peak of this solvent, (5.= 3.40 p.p.m.), appears within 
the multiplet from the methylene protons of L 4 making integration of this peak 
impossible. However, the integration of the Cp*  singlet, (6 = 1.75 p.p.m.), and 
the BPh 4 resonance suggested a ratio of Cp* : BPh 4 of 1 : 1. Elemental 
analysis confirmed the formulation as [lr2Cp*2Cl2(L4)](BPh4)2. 
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4.2.3. Ruthenium 
The experiments in Chapters 2 and 3 demonstrated that the ruthenium 
arene chioro-bridged dimers react in a similar fashion to [RhCl2Cp*]2. 
However, the ruthenium arene bond proved to be labile in the presence of the 
trithia donor L 3 and the stable homoleptic hexathia complex [Ru(L 3 ) 2 ]2 was 
invariably formed. It was of interest whether the hexathia donor L 4 would have 
the same labilizing effect. 
Reaction of [RuCl 2(4-MeC 6 H4 1 Pr)] 2 with one mole equivalent of L 4 in 
refluxing methanol produced a yellow solution. The product was precipitated 
with various counter ions; BPh 4 , PF, C10 4 and BF4 , to give yellow solids. 
The infra red spectra displayed bands for the macrocycle, (2920, 1422 cm -1 ), 
the counter ion and a weak band at 300 cm -1 which was tentatively assigned 
to a Ru-Cl stretch. Unfortunately, the counter ion obscured the region for the 
ruthenium-arene stretch, but the presence of p-cymene in the complex was 
clearly shown by characteristic peaks in the 1 H n.m.r. spectrum, see Figure 4.2. 
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Figure 4.2 	1 H N.M.R. Spectrum of 
'I 
[Ru2(h-MeC6H4 1 pr)2 C1 2 (L4  )j ( BPh4 ) 2 
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The macrocycle L 4  gave a broad second order multiplet in the 1 H n.m.r. 
spectrum between 6 = 2.5-3.5 p.p.m.. The large spread of this resonance is a 
result of the many different chemical environments of the methylene protons, 
caused by the unsymmetrical binding of L 4. Integration of the spectrum of the 
BPh 4 salt indicates the ratio 
L4 : 2p-cymene 2BPh 4 
and elemental analysis confirms the formulation as 
[Ru2(4-MeC6H 4 Pr) 2Cl2 (L4)](X) 2, X = BPh, PF6, C10 4 or BF4 . 
The 13C n.m.r. spectrum showed the expected peaks for the p-cymene 
ligand, (6 = 16.73, 20.61, 29.54, 86.69, 87.92 p.p.m.), and three singlets. assigned 
to the methylene carbons of L 4, ( 6 = 28.07, 31.88, 35.30 p.p.m.). These three 
resonances arise from the three carbon atom environments of the co-ordinated 
macrocycle; C2/C3 between the chelating sulphurs, C5/C9 adjacent to the 
chelating sulphurs and C6/C8 next to the unco-ordinated sulphur atoms. 
Intriguingly, recrystallization of the BPh 4 salt of the complex from hot 
nitromethane produced two types of crystals; yellow needles and orange 
tablets. These had identical n.m.r. spectra and elemental analysis figures and it 
was possible to interconvert the two forms depending on the conditions of 
crystallization; rapid cooling of the solution gave the needle form and slow 
cooling or evaporation favoured the larger tablets. It is very unusual for the 
one compound to crystallize out in two crystal habits so this may be evidence 
of two isomers. Unfortunately, it did not prove pOssible to obtain structural 
data on either crystal form as the needles would not grow to a sufficient size 
for X-ray structure determination and the tablets were shown to be twinned. 
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The same binuclear product, [Ru2(4-MeC6H 4 'Pr) 2 Cl 2 (L4 )] 2 , can also be 
prepared by the reaction of the triple chloro-bridged cation, 
[Ru2Cl3(4-MeC 6 H 4 'Pr)2] with L4 in methanol. Interestingly, the same product is 
also formed in the reaction of [RuCl2(4-MeC 6 H 4 'Pr)PPh 3] with the hexathia 
macrocyclic ligand; the phosphine is displaced from the Ru(ll) ion in preference 
to Cl -, see Figure 4.3. 
[Ru 2 C13(p-cym)2 1 




[C1-c$ RuCl 2PPh3 J 
(p-cyn) = 4 -Me C6 H4 Pr) 
Figure 4.3 
Similar binuclear complexes are formed with the other ruthenium arene 
systems. Reaction of 	[RuCl2(arene)] 2 , 	arene 	= 	C61­1 6, 	C6Me6, with one molar 
equivalent of 	L4 afforded the 	species (Ru2(arene) 2Cl 2 (L4)] 2 , which gave the 
expected infra red and n.m.r. spectra. The benzene analogue is particularly 
insoluble in solvents other than dimethylsulphoxide. 
Contrary to expectations, these complexes are extremely stable and there is 
no evidence that the ruthenium-arene bond is labile in the presence of the 
hexathia macrocyclic donor. The chloride proved impossible to abstract from 
the Ru(Il) centre, even on prolonged reflux in acetonitrile with vast excess of 
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TIPF6. (Evidence for the presence of chloride in the complexes was established 
by destroying them in concentrated nitric acid and precipitating the liberated 
Cl with silver nitrate.) However, the complexes were destroyed by nucleophiles 
that would be expected to attack the arene ring. Reaction with CN, BH 4 , 
02NCH 2  resulted in decomposition and deposition of intractable residues. 
4.2.4. Osmium 
The 	reaction 	of 	[OsCl2(4-MeC 6 H 4 'pr)]2 	with 	L4 	affords 
[Os2(4-MeC6H 4 Pr) 2Cl 2 (L4)] 2 and completes the isoelectronic series of binuclear 
complexes. The osmium cation was prepared as the BPh 4 salt and 
recrystallized from hot nitromethaneto yield a yellow crystalline -  solid. The 
infra red spectrum displayed bands for the hexathia macrocycle, 
(2920, 1421 cm -1 ) and a weak band at 299 cm -1  which was assigned to an 
Os-Cl stretch. The 1 H n.m.r. spectrum showed the characteristic pattern the 
p-cymene ligand and a broad second order multiplet between 
6 = 2.5-3.5 p.p.m. for the methylene protons of L 4. Integration of the spectrum 
and elemental analysis are consistent with the formulation 
[0s2(4-MeC6H 4 'Pr)2Cl 2 (L4)](9ph 4 ) 2 . 
The tridentate thia and aza macrocyclic ligands, Li and L 3, have been 
compared to aryl and cyclopentadienyl carbocyclic rings in their co-ordination 
to transition metals, see Section 2.1. Both types of ligand are 6 electron donors 
that bind facially to metal centres and there is an obvious similarity between 
the fragments "M(L)", (L = L 1 , L3), and "M(arene)" or "M(Cp)", see Figure 4.4. 
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Y \ Y/ 	 < 
M M 	or 
V = S, NH 
Figure 4.4 
It is more difficult to draw as exact an analogy with the new binding mode of 
the hexathia macrocycle in the complexes [M2(arene)2Cl 2(L4)]2 and 
1M'2Cp 
* 
2Cl 2(L4  )]
2+ 
. However, the tetraene ligands in the complexes 
[(Fe(CO) 3)2( 4, 1i4-C1  01-110)] 
254  and [[RU(CO)3}2( 4 , ri4-cot)], 
(cot = cyclooctatetraene) 255  are similar in that they bridge two metal centres 
and donate 4 electrons to each centre, see Figure 4.5. 
("~ S ---~ 
	 (CO)3Fe c Fe(co)3  
II 	 S 	of 
s -.- 
or 
(CO) 3 RuZ[JRu(CO) 3 
Figure 4.5 
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4.3. 1,4.8,11 -tetrathiacyclotetradecane 
The previous section details the formation of binuclear complexes in which 
two of the sulphur donors of the macrocyclic ligand are left unco-ordinated. 
The corollary of this is that two of the sulphurs are non-essential in the 
generation of this type of species and this section outlines the synthesis of an 
analogous complex incorporating L 5, a polythia ether that has only four sulphur 
donor atoms. - 
The single crystal structure of L 5 shows that all four sulphurs are 
exodentate and the macrocycle would require little conformational 
rearrangement in the binding of two metal atoms to the two pairs of sulphur 
donors 218. There is one example241,242  of this type of species, [(HgCl 2 ) 2 L5], 
where the tetrathia ligand bridges two tetrahedral mercury(II) ions. 
Reaction of [RhCl2Cp*]2  with one molar equivalent of L 5 in refluxing 
methanol for two hours produced an orange solution. Excess NH 4 PF6 in water 
was added and the solvent removed on a rotary evaporator. Recrystallization 
of the yellow residue from a nitromethane/diethylether mix yielded orange 
crystals. The infra red spectrum of the complex displayed bands for the C-H 
stretch and bend of the polythia macrocycle, (2915, 1422 cm), and strong 
bands for the counter ion PF 6 . However, there was no obvious Rh-CI stretch, 
despite a positive test for the presence of chlorine in the complex. 
The 1 H n.m.r. spectrum shows a singlet for the Cp*  ligand at 
6 = 1.94 p.p.m. and a broad second order multiplet for the methylene protons 
of L5, 6 = 2.5-3.5 p.p.m.. It was impossible to pick out separate resonances for 
the ethyl and propyl linkages within the macrocycle. 
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The integration of the spectrum suggested a ratio of 
L5  : 2Cp* 
and the 	elemental 	analysis 	is 	consistent with 	a 	formulation 	of 
[Rh2Cp *2Cl2(L5)](PF6)2 
There are two possible co-ordination isomers of this complex. The rhodium 
ions could bind to the two sulphurs separated either by the ethyl or propyl 
linkage, but the five membered chelate ring would be expected to favoured. 
This would also place the propyl link between the two rhodium centres, 
keeping them as far apart as possible and allowing greatest flexibility. 
However, in order to substantiate this assumption and also to permit direct 
comparison with [Rh2Cp *2Cl2(L4)]2+  the structure was determined. 
Single Crystal X-Ray Structure of [Rh2Cp *2Cl2(L5)](PF6)2(CHNO) 
Details of the structure solution are given in the Experimental Section. 
Selected bond lengths are given in Table 4.4, bond angles in Table 4.5 and 
torsion angles in Table 4.6. An ORTEP plot showing the molecular structure of 
the cation is presented in Figure 4.6. 
The structure shows a centrosymmetric binuclear complex with each Rh(Ill) 
ion bound to two sulphur donors of L 5, a chloride ion and the 
pentamethylcyclopentadienyl ligand. The co-ordination sphere of the rhodium 
atoms is the same as that for [Rh2Cp*2C12(L4)]2+. The Rh-Cl and one of the 
Rh-S bonds are marginally longer in this structure, (0.013(3) and 0.015(3) A 
respectively), but this is only just outwith experimental error. The S-Rh-S 	- 
chelate angle is exactly the same at 87.08(10) A, but the CI-Rh-S angle is much 
larger, 102.77(10) 0  showing a greater distortion of the octahedral Rh(Ill) ion. 
The macrocycle has to adopt a conformation with all the sulphur atoms 
MI.] 
exodentate to be able to co-ordinate to the metal centres and the unique 
torsion angles about the C-S bonds form two gauche and two anti interactions. 
The two sulphurs bonded to the rhodium are separated by the ethyl linkage 
forming a five membered chelate ring, (Rh -S1 -C2-C3-S4-Rh). The propyl 
linkages separate the two pairs of sulphur donors and place the metal centres 
7.277(1) A apart. 
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Figure 4.6 	ORTEP Diagram of 	[Rh2c2cL2(L5)}2 
4.4. 1,4,7,10,13,16-heXaazacyclooctadecane 
The mixed sandwich complexes discussed in chapters 2 and 3 demonstrated 
that the nine membered aza and thia rings, L 1 and L 3, react in similar fashion to 
produce related compounds. The aim of the work contained in this section was 
to examine the reactivity of the hexaaza macrocycle L 6 and attempt to 
synthesize a binuclear complex similar to those prepared with the hexathia 
ligand L4. This was tempered by the fact that there are very few reports of 
complexes that contain L 6. Also, despite the large number of species that 
incorporate the tetra-aza macrocycle, cyclam, there are no examples of 
exodentate co-ordination of cyclam to metal ions, in contrast with the 
versatility of binding modes of the tetrathia ligand L 5 . 
[RhCl2Cp*]2 was dissolved in degassed methanol and one molar equivalent 
of L6  added. The solution was refluxed for two hours, during which time the 
colour changed from red to orange, and addition of excess NaBPh 4 precipitated 
a yellow solid. This was recrystallized from a nitromethane/diethylether mix to 
yield orange, air-stable crystals. 
The infra red spectrum of the complex displayed bands for the macrocyclic 
C-H, (2915, 1428 cm -1 ), and N-H, (3155, 1618 cm -1 ). There was no obvious 
Rh-CI stretch but a qualitative test for the presence of chlorine proved positive. 
The 1 H n.m.r. spectrum showed peaks for the Cp*  ligand, (tS = 1.60 p.p.m.), 
and BPh 4  counter ion and also a broad second order multiplet, 
= 2.5-3.5 p.p.m., which was assigned to the methylene protons of L 6.The N-H 
resonance at = 4.5 p.p.m. was very broad and addition of a small amount of 
D 20 to the d 6-dmso solution of the complex appeared to only partially reduce 
the intensity of this peak, (the addition of water causes some precipitation of 
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the poorly soluble complex which impairs resolution of the spectrum). This may 
be explained by having only some of the nitrogens bound to metal centres. 
The mechanism for proton exchange in a normal D20 shake experiment 
requires addition of D to the amino nitrogen, followed by loss of H. This 
exchange process results in loss of the N-H peak. However, if the lone pair of 
the nitrogen is already donated to a metal centre the initial protonation step is 
impossible and there can be no H +/D +  exchange, and no loss of the N-H signal. 
Integration of the 'H n.m.r. spectrum and elemental analysis are consistent 
with the formulation [Rh2Cp *2Cl2(L6)](BPh) 
In common with all the complexes discussed in this chapter, the species 
incorporating L6  crystallized easily. The single crystal structure was determined 
in order to check the connectivity of the hexaaza macrocycle and to allow 
comparison with [Rh2Cp*2cl2(L4)](Bph4)2. 
Single Crystal X-Ray Structure of [Rh2Cp *2C12(L6)](BPh) 
Details of the structure solution are given in the experimental section. 
Selected bond lengths are listed in Table 4.1, bond angles in Table 4.2 and 
torsion angles in Table 4.3, (X,Y,Z = N). ORTEP plots showing planar and 
eclipsed views of the molecular cation are presented in Figures 4.7 and 4.8. 
The structure shows the same basic centrosymmetric binuclear complex as 
described in previous sections. Each Rh(III) ion is bound to a Cl - ion, the 
pentamethylcyclopentadienyl ligand and two of the nitrogen donors of L 6 , 
leaving two nitrogen atoms unco-ordinated. This demonstrates the ability of 
the hexaaza ligand to form exodentate species and further emphasizes the 
similarities between polydentate thia and aza macrocyclic ligands. 
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plan 
Figure 4.7 	ORTEP Diagram of [Rh 2 C 2 cI 2 (L6 )] 2 
Figure 4.8 	ORTEP Diagram of [Rh 2C2Cl2(L6)] 2 
Although the gross structure is similar to that of [Rh2Cp*2c,2(L4)]2+ there 
are slight differences, in accordance with the switch from thia to aza donors. 
The Rh-N bond lengths are much shorter than the corresponding Rh-S 
distances, (Rh-N1 = 2.154(3) A, Rh-N4 = 2.156(4) A), and the Rh-Cl bond is 
somewhat longer at 2.4120(11) A. The shorter nitrogen carbon bond distance 
causes a very small N-Rh-N chelate angle of 73.02(13) 0 and the Cl-Rh-N 
angles are also less than 90 0 , (C.1-Rh-N1 = 84.73(9) 0 , Cl-Rh-N4 = 86.23(10) 0 ), 
making up a very distorted octahedral Rh(Ill) ion. All of the C-N bonds adopt 
the anti configuration to avoid unfavourable 1,4-methylene interactions, which 
is in marked contrast to the preference of the C-S bonds. - 
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4.5. 1,10-diaza-4,7,13,16-tetrathiacyclooctadecane 
The use of saturated macrocycles as ligands for the complexation of 
transition metals is an area that has yet to be fully exploited, but the work to 
date has focused on homoleptic systems and little attention has been given to 
mixed donor saturated macrocycles. The ligand L 7, with four sulphur and two 
nitrogen donors, was expected to form similar binuclear complexes to those 
described for L 4 and L6. However, the intriguing question that this raised was 
which atom, sulphur or nitrogen, would bind preferentially to the metal centre. 
- 	 - 	 7 	
i 
	
Reaction of [RhCl2Cp* ]2  with one molar equivalent of L n refluxing 
methanol produced a yellow solution. A solid was precipitated by the addition 
of excess NaBPh 4 and this was recrystallized from nitromethane to yield 
orange, air-stable crystals. The infra red spectrum showed bands for the 
macrocycle, ((C-H) 2915 cm - ', 6(C-H) 1422 cm -1 ,\)(N-H) 3255 cm - ', 6(N-H) 
118 cm -1 ), and also a weak band at 279 cm -1 that was assigned to a Rh-Cl 
stretch. 
The 1 H n.m.r. spectrum, see Figure 4.9, showed a singlet for the Cp*  ligand, 
(iS = 1.65 p.p.m.), a multiplet for BPh 4 and a second order multiplet between 
6 = 2.5-3.5 p.p.m., ascribed to the methylene protons of L 7. The N-H peak 
appears as a broad resonance centred at 6 = 5.8 p.p.m.. Interestingly, a 020 
shake experiment did not reduce the intensity of the N-H peak, suggesting that 
the nitrogen was co-ordinated to the metal centre. Integration of the peaks in 
the spectrum and elemental analysis confirmed the stoichiometry as 
[Rh2Cp * 2C12(L7)](BPh4)2. 
176 
P. P.M. 	7 	6 	5 	 3 	2 
In order to verify which co-ordination isomer was present in the crystal and 
also to see the effect of the mixed donor macrocycle on the configuration of 
the complex, the single crystal X-ray structure was determined. 
Single Crystal X-Ray Structure of [Rh2Cp*2C12(L7)](BPh4)2 
Details of the structure solution are given in the experimental section. 
Selected bond lengths are listed in Table 4.1, bond angles in Table 4.2 and 
torsion angles in Table 4.3, (X2 = S. V = N). An ORTEP plot showing the 
molecular geometry of the cation is presented in Figure 4.10. 
The structure shows a centrosymmetric binuclear complex with the metal 
centres bridged by the macrocyclic ligand. Each Rh(Ill) ion is bound to a C1 
ion, the Cp*  ligand and to the nitrogen donor and one sulphur donor of L 7 , 
which leaves two sulphur atoms unco-ordinated. This is a chiral rhodium ion 
but the centre of inversion means that the mirror image enantiomer exists 
within the same molecule. 
The diffraction data set was collected using Cu-Ka  radiation which, with a 
wavelength of 1.5418 A, introduces problems of absorption by the rhodium 
nuclei, (.t(Cu-K) = 24.78 cm -1 ). However, the data were obtained from a 
relatively small crystal and both semi-empirical and empirical absorption 
corrections were applied, with the result that the overall refinement was 
reasonably good. 
The Rh-S bond distance is as expected, 2.3739(23) A, but the Rh-N distance 
is much longer than observed for the hexaaza complex, 2.296(4) A compared to 
2.155(4) A. The fact that the complex accommodates this distortion rather than 
adopting the configuration with both sulphur atoms bound to the metal centre, 
presumably indicates a preference of Rh(Ill) for nitrogen. However, there may 
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be problems associated with a rigid aza group in the bridging position that 
directs formation of the observed isomer. 
The angles about the rhodium ion are the closest to octahedral geometry of 
any of the four binuclear complexes. The S-Rh-N chelate angle is 89.19(12) 0 . 
The conformation of the macrocycle shows three gauche and one anti 
interaction for the C-S bonds and, surprisingly, one gauche and one anti 
interaction for the C-N bonds. This unusual gauche form for C3-N4-05-C6, 
60.7(8) 0 , may explain the very elongated C3-N4 bond, 1.668(8) A. 
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Figure 4.10 	ORTEP Diagram of 	[Rh2Cp.C12(L7)] 2 
The presence of a chiral centre in the complex [Rh2Cp*2Cl2(L7)]2+ is of 
interest. This system has similarities with complexes of the the type 
[MCp(X)(Y)(Z)] which have three legged piano stool geometries with a chiral 
metal centre, see Figure 4.11. The formation of such complexes normally 
results in racemic mixtures containing equal portions of the two 
diastereoisomers. For example, the reaction of [MnCp(CO)2(No)V with tertiary 
phosphine yields the optically active complex [MnCp(CO)(NO)(PR 3)] as a 
racemic mix256. If, however, the reaction is carried out using an optically active 
phosphorus derivative the generation of one isomer is favoured and the ratio of 





A number of complexes are known that act as optically active catalysts in 
asymmetric synthesis 258. Most of these are asymmetric hydrogenation 
catalysts, including Wilkinson type complexes, [RhCI(PR 3) 3], where the chiral 
centre resides either on one of the alkyl groups attached to the phosphorus or 
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at the phosphorus atom itself 259. The development of bidentate chiral ligands 
increased the optical yield attainable 260  and the rhodium complex of Dipamp 261 
is used as the hydrogenation catalyst in the commercial production of 00P4 a 
drug for the treatment of Parkinson's Disease. 
However, the optical induction should increase with decreasing distance 
between the the inducing chirality and the newly forming asymmetric centre. 
Therefore, a metal centre that is chiral would be expected to give especially 
high optical yields. However, since in catalytic reactions such as olefin 
hydrogenation ligand dissociation and reductive elimination are key steps, it is 
to be expected that optical activity at the metal atom will invariably be lost 
after a few cycles. Therefore, catalysts with chiral centres at the metal alone 
have not been particularly successful and attention has focused on the use of 
optically active chelating ligands to control the metal configuration 262 . 
The complex [Rh2Cp*2Cl2(L7)]2  is not optically active as it contains both 
diastereoisomers within the same molecule, but it is possible to envisage a 
monomeric complex [RhCp*Cl(L)]t  (L = bidentate sulphur/nitrogen ligand), 
which could be separated out into its enantiomers. Whether any such 
complexes would show any asymmetric reaction is open to question, but there 
is obviously scope for further investigation. 
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4.6. Experimental 
All physical measurements were carried out as described in Chapter 2. 
n.m.r. spectra were recorded on a Jeol FX-60Q instrument and chemical 
shifts are listed in p.p.m. to high frequency of H3PO 4 . 
Macrocyclic Ligands 
L4 was isolated as the 2+2 product from the synthesis of 
1,4,7-trithiacyclononane and purified by elution down a silica column, (eluent 
hexane/ethylacetate 10:1). The two macrocycles L 3 and L4 were distinguished 
by characteristic 1 H n.m.r. signals; 6 = 3.15 p.p.m., L 3, 6 = 2.89 p.p.m., L4 
(CDCI3). The hexaaza macrocycle L 6 was obtained both as the hydrogen 
sulphate salt and the free ligand. The hydrogen sulphate salt was deprotonated 
prior to use by treatment with Ba(OH) 2 in methanol. L5 and L7 were obtained 
from normal commercial suppliers, (Aldrich), and used as received. 
Other Materials 
The chloro-bridged metal dimers were prepared as described in Chapter 2.' All 
other materials were used as Supplied. 
The 1 H n.m.r. data for the binuclear complexes are listed in 
Tables 4.7 and 4.8. 
4.6.1. 1,4,7,10,13,1 6-hexathiacyclooctadecane 
Single Crystal Structure Determination of [Rh2Cp*2C12(L4)](BPh4)2 




[C 32H 54Cl 2Rh 2S5 ] 2 .2(C 24 H 20B), M = 1546.32. Triclinic, a = 11.5867(22), b = 
11.7095(20), c= 14.2547(18) A, = 87.844(13), B = 85.505(13), y = 79.054(15) ° , V 
= 1892 A 3, (by least-squares refinement on diffractometer angles for 25 centred 
reflections, A = 0.71069 A), space group P1, Z = 1, D = 1.357 gcm 3. Orange 
columns. Crystal dimensions 0.38 x 0.25 x 0.20 mm, p(Mo-K) = 7.04 cm - 
Data Collection and Processing 
Enraf-Nonius four circle diflractometer, w - 28 mode with w scan width 0.8 0 + 
- 0.347(tan8) ° , graphite monochromated Mo-A 	radiation; 4933 reflections 
measured, (2.5<8 ~ 22.5 0 , h-12-02, k-12-1-12, /0-1-16), giving 4298 with 
F > 6a(F), no absorption correction, no crystal decay. 
Structure Analysis and Refinement 
Patterson Synthesis (Rh) followed by iterative cycles of least squares 
refinement and difference Fourier syntheses revealed the positions of all non-H 
atoms. Full-matrix least squares with H-atoms in calculated positions and 
anisotropic thermal parameters for Rh, Cl, S. C and B atoms. The weighting 
scheme W 1 = U2 (F) +0.000144(F 2) gave satisfactory agreement analysis. Final 
Rand R are 0.0310 and 0.0430 for 377 parameters and the final AFsynthesis 
showed max. peak and mm. trough of 0.49, 0.42 eA 3. 
i) [Rh2Cp*2Cl2(L4)](BPh4)2 
a) [RhCl2Cp*]2  (50 mg., 0.081 mmole) was dissolved in degassed methanol (40 
ml.) and L4 (29 mg., 0.081 mmole) added. The reactants were refluxed under N 2 
for two hours to yield a dark orange solution. Addition of excess NaBPh 4 
precipitated a yellow/orange powder, which was recrystallized from a 
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nitromethane/diethylether mix to give orange crystals. (88 mg., 70%) Mol. Wt. 
1546.32. (Found: C, 62.1; H, 6.13%. CaIc. for C80H9 4 B2Cl2Rh 2 S 6 : C, 62.1; H, 6.13%). 
I.R. Spectrum (KBr Disc) \(C-H) 2920 cm -1 , ô(C-H) 1420 cm -1 , 
v(Rh-Cl) 260 cm -1 . Other bands: 3625, 1620, 1484, 1380, 1298, 1225, 1205, 1155, 
1078, 1020, 931, 840, 742, 681, 558 cm - 
b) PF6 Salt. Method as for a) above, except that the product was 
precipitated as the hexafluoro phosphate salt by addition of excess NH 4 PF6 in 
water to the reaction mixture. The resulting yellow powder was recrystallized 
from a nitromethane/diethylether mix to give orange crystals. (66 mg., 68%) 
Mol. Wt. 1198.65. (Found: C, 31.1; H, 4.49; S, 15.5; Cl, 6.3%. CaIc. for 
C32H54C12F 1 2P2Rh2S6: C, 32.1; H, 4.54; S, 16.0; Cl, 5.9%.) 13C n.m.r. spectrum; 
Cp* : 8.75 p.p.m. (Me); L 4 : 28.57 p.p.m. (C2/3), 35.77 p.p.m. (C5/9), 35.98 p.p.m. 
(C6/8). 
C) C104 Salt. Method as for a) above, except that the product was 
precipitated as the perchlorate salt by addition of excess NaC10 4 in water to 
the reaction mixture. The solvent was removed on a rotary evaporator and the 
yellow residue recrystallized from a nitromethane/diethylether mix to afford 
orange crystals. (61 mg., 68%) Mol. Wt. 1106.71. (Found: C, 33.8: H, 4.76%. CaIc 
for C32H 54C1 408Rh2S2: C, 34.7; H, 4.92%.) 
ii) [lr2Cp*2C12(L4)](BPh4)2 
Method as for i) above, using [lrC12Cp*]2  (30 mg., 0.038 mmole) and L 4 (14 mg., 
0.038 mmole). The product was obtained as a yellow crystalline solid. (42 mg., 
65%) Mol. Wt. 1724.96. (Found: C, 56.3; H, 5.47; S. 11.1; Cl, 4.1%. Calc. for 
C 30 H 94 B2C121r2S6: C, 55.7; H, 5.49; 5, 11.1; Cl, 4.1%.) I.R. Spectrum (KBr Disc) 
v(C-H) 2920 cm, 6(C-H) 1421 cm -1 , \( lr-Cl) 280 cm -1 . 3050, 3030, 2980, 1578, 
1478, 1377, 1265, 1203, 1148, 1025, 846, 735, 705, 610 cm 1 . 
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[Ru2(C6H6)2C12(L 4)](PF6)2 
Method as for i)b) above, using [RuCl 2 (C6 H 6)]2 ( 50 mg., 0.1 mmole) and L 4 (36 
mg., 0.1 mmole). The product was obtained as a yellow microcrystalline solid. 
(54 mg., 50%) Mol. Wt. 1079.76. (Found: C, 25.8; H, 3.36%. Calc. for 
C24H 36C12F 12P2Ru2S 6 : C, 26.7; H, 3.36%.) I.R. Spectrum (KBr Disc) v(C-H) 2920 
cm -1 , 6(C-H) 1422 cm -1 , v(Ru-Cl) 290 cm -1 . 
(Ru2(4-MeC6H4'Pr)2C12(L 4)](BPh 4 ) 2 
a) Method as for i) above, using [RuCl 2(4-MeC 6 H 4 Pr)]2 (50 mg., 0.081 mmole) 
and L4 (29 mg., 0.081 mmole). The prOduct was isolated as a yellow powder 
and recrystallized form a nitromethane/diethylether mix to afford both orange 
tablets and yellow needle crystals. (87 mg., 70%) Mol. Wt. 1539.04. (Found: C, 
61.6; H, 5.98%. CaIc. for C80H92B2Cl 2Ru 2S 6 : C, 62.4; H, 5.98%.) I.R. Spectrum (KBr 
Disc) v(C-H) 2920 cm -1 , 6(C-H) 1422 cm -1 , v(Ru-Cl) 300 cm -1 . Other bands: 
3040, 2985, 1579, 1478, 0265, 1203, 1132, 1057, 1029, 845, 735, 705, 610, 465 
cm 1 . 
b) PF6  Salt. Method as for iv) above, except that the complex was isolated 
as the PF5 salt by addition of excess NH 4 PF 6  in water to the reaction mixture. 
The product was obtained as orange crystals. (65 mg., 65%) Mol. Wt. 1191.98. 
(Found: C, 31.8; H, 4.39; S. 16.4; Cl, 6.3%. CaIc. for C32H52C12F12P2Ru 2S 6 : C, 32.2; 
H, 4.40; S, 16.1; Cl, 6.0%.) 13C n.m.r. spectrum; p-cym : 6 = 16.73 p.p.m. (C1RS), 
20.61 p.p.m. (C3/4RS), 29.54 p.p.m. (C2RS), 86.69 P.P.M. (C3/5R), 87.92 p.p.m. 
(C2/6R); L 4  : 6 = 28.07 p.p.m. (C2/3), 31.88 p.p.m. (C5/9), 35.30 P.P.M. (C6/8). 
C) C10 4 Salt. Method as for iv)b) above, except that the product was 
isolated as the C10 4 salt by the addition of excess NaC10 4 to the reaction 
mixture. The product was obtained as an orange microcrystalline solid. (63 mg., 
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65%) Mol. Wt. 1101.03. (Found: C, 33.7; H, 4.64%. Calc. for C32H52C1 408 Ru 2 5 6 : C, 
34.9; H, 4.76%.) 
d) BF4 Salt. Method as for iv)b) above, except that the product was isolated 
as the BF4 salt, orange crystals. (57 mg., 65%) Mol. Wt. 1075.70. (Found: C, 
34.9; H, 4.82%. CaIc. for C32H 52B2C12F8Ru 2S 6 : C, 35.7; H, 4.87%.) 
[Ru 2 (C6Me6)2Cl2(L4)](BPh 4 ) 2 
Method as for i) above, using [RuCl2(C 6 Me 6)]2 (50 mg., 0.076 mmole) and L4 
(27mg., 0.076 mmole). The product was isolated as an orange microcrystalline 
solid. (73 mg., 60%) Mol. Wt. 1596.75. (Found: C, 62.4; H, 6.29%. CaIc. for 
C84H100B2C12Ru2S6: C, 63.2; H, 6.31%.) I.R. Spectrum (KBr Disc) v(C-H) 2920 
cm -1 , 6(C-H) 1422 cm -1 . Other bands: 3050, 3030, 2980, 1578, 1478, 1381, 1260, 
1200, 1149, 1065, 1029, 928, 848, 735, 705, 610, 543, 465 cm -1 
[0s2(4-MeC6H 4 'Pr) 2C1 2 (L4)](BPh 4 ) 2 
Method as for i) above, using [OsC12(4-MeC 6 H 4 Pr)] 2 (30 mg., 0.038 mmole) and 
L4 (14 mg., 0.038 mmole). The product was isolated as a yellow crystalline solid. 
(42 mg., 65%) Mol. Wt. 1718.90. (Found: C, 56.3; H, 5.37; S. 15.3%. CaIc. for 
C80H92B2C12Os 2S 6 : C, 55.9; H, 5.40; S, 11.2%.) I.R. Spectrum (KBr Disc) v(C-H) 
2922 cm -1 , 6(C-H) 1420 cm -1 . Other bands: 2910, 1578, 1475, 1420, 1260, 1195, 
1117, 1028, 840, 735, 705, 610 cm 1 
[Rh2Cp*2(CH3CN)2(L4)](pF6)4 
[Rh2Cp*2C12(L4)](PF6)2 (50 mg., 0.042 mmole) was dissolved in acetonitrile and 
excess TIPF6 added. The reactants were refluxed for 72 hours before the 
solution was cooled and then filtered to remove the cloudy precipitate of TICI 
and excess TIPF 6. The filtrate was reduced in volume, on a rotary evaporator, 
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and a yellow solid precipitated by the addition of ether. This was recrystallized 
from an acetone/diethylether mix to give a bright yellow powder. (19 mg., 30%) 
Mol. Wt. 1498.66. (Found: C, 28.8; H, 4.12; N, 1.02%. CaIc. for C36H60F24N2Rh 2S 6 : 
C, 28.5; H, 4.04; N, 1.87%.) I.R. Spectrum v(CN) 2120 cm -1 . Other bands: 3640, 
2980, 2920, 1422, 1381, 1310, 1204, 1149, 1081, 1021, 835, 742, 561, 508 cm -1 
viii) ERh2Cp*2(PEt2Ph)2(L4)](PF6)4 
[Rh2Cp*2(CH3CN)2(L4)](PF6)2 ( 10 mg., 0.007 mmole)- was dissolved in degassed 
acetone and excess PEt2Ph added. The reactants were refluxed under N2 for an 
hour. The solution was then reduced in volume and addition of ether 
precipitated a small amount of a yellow/orange solid. 3 P n.m.r. Spectrum: 
doublet 22.84 p.p.m.., RhP = 131.83 Hz.. 
4.6.2. 1,4,8,11 -tetrathiacyclotetradecane 
Single Crystal Structure Determination of [Rh2Cp*2C12(L5)](PF6)2 
Crystals were obtained from a solution of the complex in a 
nitromethane/diethylether mix. 
Crystal Data 
EC30H50Cl2Rh2S4 J2 '.2(F6P) - .2(CH 3 NO2), M = 1217.2. Triclinic, a = 9.9887(14), b 
11 .5085(15), c = 11.8612(14) A, a = 79.58(7), 8 = 71.13(6), y = 66.22(4) ° , V = 
1179 A 3, (by least-squares refinement on diffractometer angles for 16 centred 
reflections, A = 0.71069 A), space group P1, Z = 1, 0 = 1.357 gcm 3. Orange 
columns. Crystal dimensions 0.38 x 0.25 x 0.20 mm, 1.L(MoKa) = 10.76 cm. 
Data Collection and Processing 
AED-2 four circle diffractometer, w - 28 mode with w scan width 0.8 0 + 
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0.347(tane)°, graphite monochromated MO-Ka  radiation; 3281 reflections 
measured, (2.5<0<22.50, h0+11, k-12~ 12, 1-13-03), giving 2068 with 
F> 6a(F), no absorption correction, no crystal decay. 
Structure Analysis and Refinement 
Patterson Synthesis (Rh) followed by iterative cycles of least squares 
refinement and difference Fourier syntheses revealed the positions of all non-H 
atoms. Full-matrix least squares with H-atoms in calculated positions and - 
anisotropic thermal parameters for Rh, Cl, S. C, P and F atoms. The weighting 
scheme = a2(F) + 0.000917(F 2) gave satisfactory agreement analysis. Final 
Rand R are 0.0484 and 0.0613 for 286 parameters and the final AFsynthesis 
showed max. peak and mm. trough of 0.97, 0.62 eA 3 . 
[Rh2Cp * Cl (L5)](PF) CH NO 
[RhCl2Cp*]2 (50 mg., 0.081 mmole) was dissolved in degassed methanol (40 ml.) 
and L5 (22 mg.., 0.081 mmole) added. The reactants were refluxed under 
nitrogen for two hours to yield a dark orange solution. Excess NH 4PF6 in water 
was added and the solvent removed on a rotary evaporator. The resulting 
orange residue was recrystallized from a nitromethane/diethylether mix to 
afford orange crystals. (38 mg., 40%) Mol. Wt. 1166.53. (Found: C, 30.6; H, 4.51; 
N, 1.09%. CaIc. for C31H53C12F 1 2NO2Rh2S4: C, 31.1; H, 4.58; N, 1.20%.) 
I.R. Spectrum (KBr Disc) \(C-H) 2915 cm - 1 , (C-H) 1422 cm - 1 . 
4.6.3. 1,4,7,10,13,1 6-hexaazacyclooctadecane 
Single Crystal Structure of (Rh2Cp *2Cl2(L6)](BPh4)2 




[C32H60Cl 2 N 6 Rh2] 2 .2(C 24 H 20B), M = 1444.07. Monoclinic, a = 16.2203(19), b = 
10.5219(10), c= 21.9797(14) A, 8 = 107.492(6) 0 , V= 3578 A 3, (from 28 values of 
42 reflections measured at ±w, 28 = 30.30 0 , A = 0.71069 A), space group P21 1c 
Z= 2, 0 = 1.340 gcm 3. Orange plates. Crystal dimensions 0.35 x 0.21 x 0.15 
mm, p(MO-Ka ) = 5.44 cm. 
Data Collection and Processing 
AED-2 four circle diffractometer, w - 2e mode with w scan width 0.616 0 + 
0.292(tanO) ° , graphite monochromated Mo- Ka  radiation; 5006 reflections 
measured, (2.5<e ~ 22.5 0 , h-12-.12, k-12-)-12, /0 + 16), giving 3830 with 
F > 6a(F), no absorption correction, no crystal decay. 
Structure Analysis and Refinement 
Patterson Synthesis (Rh) followed by iterative cycles of least squares 
refinement and difference Fourier syntheses revealed the positions of all non-H 
atoms. Full-matrix least squares with H-atoms in calculated positions and 
anisotropic thermal parameters for Rh, Cl, N, C and B atoms. The weighting 
scheme w 1 = a2 (F ) + 0.000177(F 2)  gave satisfactory agreement analysis. 
FinaIR and R are 0.0345 and 0.0479 for 382 parameters and the final AF 
W 
synthesis showed max. peak and mm. trough of 0.57, 0.36 eA 3 
[Rh2Cp *2C[2(L6)](BPh) 
[RhCl2Cp*]2 (50 mg., 0.081 mmole) was dissolved in dry degassed methanol and 
L6 (22 mg., 0.081 mmole) added. The reactants were refluxed under N 2 for two 
hours to yield a dark orange solution. Addition of excess NaBPh 4 precipitated a 
yellow powder which was recrystallized from a nitromethane/diethylether mix 
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to afford orange crystals. (86 mg., 74%) Mol. Wt. 1444.07. (Found: C, 65.4; H, 
7.03; N, 6.36%. CaIc. for C80H 100 B 2 C1 2 N 6 Rh 2 : C, 65.5; H, 6.98; H, 5.82%.) 
I.R. Spectrum (KBr Disc) \(C-H) 2915 cm -1 , 6(C-H) 1428 cm -1 , v(N-H) 3155 
cm -1 , 6(N-H) 1618 cm -1 . 
4.6.4. 1,1 O-diaza-4,7, 13,1 6-tetrathiacyclooctadecane 
Single Crystal Structure Determination of [Rh2Cp*2Cl2(L7)](Bph4)2 
Crystals were obtained from a solution of the complex in a 
nitromethane/di ethyl ether mix. 
Crystal Data 
[C32H52Cl2N2Rh2S 4]2 .2(C24H 20B) - , M= 1512.25. Triclinic, a= 11.5096(4), 
b= 11.8722(5), c= 13.8617(6) A, a = 87.426(3), 8 = 86.777(4), y = 79.212(3) ° , V= 
1857 A 3, (from 28 values of 42 reflections measured at +w, 28 = 38.65 0 , A 
1.5418 A), space group P7, Z = 1, D = 1.352 gcm 3. Orange tablets. Crystal 
dimensions 0.19 x 0.17 x 0.12 mm, 11(CuKa) = 24.79 cm - 
Data Collection and Processing 
AED-2 	four 	circle 	diffractometer, 	learnt 	profile 	method, 	graphite 
monochromated CuKa radiation; 5216 reflections measured, (1.5<8<60 ° , h 
-12+12, k -12-12, / 0 + 14), giving 4557 with F > 6a(F). Initial absorption 
correction applied, based on 108 4.' scans of three reflections distributed 
through the 28 data collection range, (mm. and max. transmission factors = 
0.2068, 0.3092). Slight crystal decay; mm. and max. correction 0.95, 1.05 applied. 
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Structure Analysis and Refinement 
Patterson Synthesis (Rh) followed by iterative cycles of least squares 
refinement and difference Fourier syntheses revealed the positions of all non-H 
atoms. Full-matrix least squares with H-atoms in calculated positions and 
anisotropic thermal parameters for Rh, Cl, N, S, C and B atoms. The weighting 
scheme = a2(F) + 0.000262(F 2) gave satisfactory agreement analysis. Final 
Rand R are 0.0573 and 0.0814 for 383 parameters and the final AFsynthesis 
showed max. peak and mm. trough of 1.08, 1.10 eA 3 
[Rh2Cp *2Cl2(L7)](BPh4)2 
[RhCl2Cp*]2 (50 mg., 0.081 mmole) was dissolved in degassed methanol and L 7 
(15 mg., 0.048 mmole) added. The reactants were refluxed under N 2 for two 
hours to yield an orange solution. Addition of excess NaBPh 4 precipitated a 
yellow powder, which was recrystallized from a nitromethane/diethylether mix 
to give orange crystals. (51 mg., 70%) Mol. Wt. 1512.25. (Found: C, 62.8; H, 6.46; 
N, 2.17%. CaIc. for C80H96B2C12N2Rh2S 4 : C, 63.5; H, 6.40; N, 1.85%.) I.R. Spectrum 
(KBr Disc) v(C-H) 2915 cm -1 , 6(C-H) 1422 cm -1 , (N-H) 3255 cm -1 , 6(N-H) 1618 
cm -1 , v(Rh-Cl) 279 cm -1 
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Table 4.1. 
Selected Bond Lengths(A) with standard deviations for 
[Rh2Cp*2C12(L) ] (BPh) 2 
(L = L4 , X,Y,Z = S; L = L 6 , X,Y,Z = N; L= L7 , X,Z = 5, Y = N) 
X,Y,Z = S 	X,Y,Z = N 	X,Z = S, Y = N 
Rh - Cl 
Rh - X(1) 





























2.3865(10) 2.4120(11) 2.3829(18) 
2.3641(10) 2.154(3) 2.3739(23) 
2.3764(10) 2.156(4) 2.296( 4) 
2.175(4) 2.172(4) 2.154( 7) 
2.167(4) 2.168(4) 2.162( 7) 
2.187(4) 2.156(5) 2.150( 7) 
2.172(4) 2.167(5) 2.173( 	7) 
2.159(4) 2.147(5) 2.167( 6) 
1.813(4) 1.479(6) 1.797( 8) 
1.503(6) 1.498(7) 1.505(10) 
1.817(4) 1.479(6) 1.668( 8) 
1.817(4) 1.495(6) 1.492(10) 
1.509(6) 1.503(7) 1.501(13) 
1.809(4) 1.472(6) 1.759( 9) 
1.837(4) 1.459(6) 1.785(11) 
1.508(6) 1.518(7) 1.504(13) 
1.816(4) 1.503(6) 1.762( 8) 
1.429(5) 1.431(6) 1.419(10) 
1.429(5) 1.443(6) 1 . 4 16(;10) 
1.395(5) 1.432(7) 1 . 460 C10 ) 
1.460(5) 1.421(7) 1.417(10) 
1.424(6) 1.418(6) 1.419( 9) 
1.495(6) 1.500(7) 1.497(11) 
1.491(6) 1.482(7) 1.510(12) 
1.509(6) 1.488(7) 1.518(12) 
1.499(6) 1.492(8) 1.494(12) 
1.494(7) 1.508(7) 1.489(11) 
1.688(5) 1.695(5) 1.669(10) 
1.699(5) 1.696(5) 1.683( 9) 
1.677(5) 1.674(5) 1.693(10) 
1.670(6) 1.686(5) 1.692(10) 
193 
Table 4.2. 
Selected Angles(*) with standard deviations for 
[Rh2Cp*2C12(L) I (BPh) 2 
(L = L4 , X,Y,Z = S; L = L 6 , X,Y,Z = N; L = L 7 , X,Z = S, Y = S) 
x,Y,z = S 
	
X,Y,Z = N 	X,Z = S, V = N 
Cl - Rh -X(1) 
Cl - Rh - Y(4) 
X(1) - Rh - '((4) 
Rh - X(1) - C(2) 
X(1) - C(2) - C(3) 
- C(3) - '((4) 
Rh - '((4) - C(3) 
Rh - Y(4) - C(5) 
- Y(4) - C(5) 
Y(4) - C(5) - C(6) 
- C(6) - Z(7) 
- Z(7) - C(8) 
Z(7) - C(8) - C(9) 
- C(9) -X(10') 
-X(10 1 )-C(11') 
C(2R) -C(1R) -C(5R) 
C(2R) -C(1R) -C(1RS) 
C(5R) -C(1R) -C(1RS) 
C(1R) -C(2R) -C(3R) 
C(1R) -C(2R) -C(2RS) 
C(3R) .-C(2R) -C(2RS) 
C(2R) -C(3R) -C(4R) 
C(2R) -C(3R) -C(3RS) 
C(4R) -C(3R) -C(3RS) 
C(3R) -C(4R) .-C(5R) 
C(3R) -C(4R) -C(4R5) 
C(5R) -C(4R) -C(4RS) 
C(1R) -C(5R) -C(4R) 
C(1R) -.C(5R) -C(5RS) 
C(4R) -C(5R) -C(5RS) 
C(11) - B(1) -C(21) 
C(11) - 6(1) -C(31) 
C(11) - B(1) -C(41) 
C(21) - B(1) -C(31) 
C(21) - 6(1) -C(41) 





































84.73( 9) 94.29( 7) 
86.23(10) 92.48(11) 
73.02(13) 89.19(12) 
108.2( 3) 95.60(25) 
111.0( 4) 113.0( 5) 
111.2( 4) 110.2( 5) 
107.4( 3) 101.9( 3) 
121.0( 3) 110.8( 4) 
111.6( 3) 107.6( 5) 
109.5( 4) 115.1( 7) 
108.3( 4) 114.5( 6) 
116.1(. 4) 102.8 5) 
108.2( 4) 114.8( 7) 
110.5( 4) 110.2( 6) 
111.6( 3) 99.3( 4) 
109.1( 4) 107.9( 6) 
125.9( 4) 127.5( 7) 
125.0( 4) 124.4,( 6) 
107.1( 4) 108.(  
125.3( 4) 125.5'( 7) 
127.2( 4) 125.9( 7) 
107.3( 4) 107.6(  
126.3( 4) 127.1(  
126.1( 4) 125.0( 6) 
108.8( 4) 106.6( 6) 
125.1( 4) 126.5(  
126.0( 4) 126.8(  
107.6( 4) 109.2( 6) 
125.7( 4) 125.6( 6) 
126.4( 4) 125.2( 6) 
110.6( 3) 110.5( 5) 
112.1( 3) 110.3( 5) 
108.0( 3) 106.7( 5) 
107.9( 3) 106.5(  
109.1( 3) 109.6( 5) 
109.1( 3) 113.3( 5) 
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Table 4.3. 
Selected Torsion angles( 0 ) with standard deviations for 
[Rh2Cp*2C12(L) I (BPh) 2 
(L = L4 , X,Y,Z = S; L = L 6 , X,Y,Z = N; L = L 7 , X,Z = S, Y= N) 
X,Y,Z = S 	X,Y,Z = N X,Z = S, V = N 
Rh - X(1) - C(2) - C(3) -47.2( 3) -36.1( 4) 44.1( 5) 
X(1) - C(2) - C(3) - Y(4) 61.0( 3) -1.8( 5) -65.2( 6) 
C(2) - C(3) - Y(4) - 	 Rh -41.1( 3) 38.8( 4) 45.7( 6) 
C(2) - C(3) - Y(4) - C(5) 74.0( 3) 173.6( 4) 162.3( 6) 
Rh - Y(4) - C(5) - C(6) -75.1( 3) -78.1( 4) 171.3( 6) 
C(3) - Y(4) - C(5) - C(6) 178.9( 3) 154.1( 4) 60.7( 8) 
Y(4) - C(5) - C(6) - Z(7) -175.61(20) -60.0( 5) 170.0( 6) 
C(5) - C(6) - Z(7) - C(8) -75.9( 3) 169.6( 4) 88.8( 7) 
C(6) - Z(7) - C(8) - C(9) 84.2( 3) -167.7( 4) -73.5( 8) 
Z(7) - C(8) - C(9) -X(10') 169.34(21) 68.1( 5) -176.5( 5) 
C(8) - C(9) -X(10 1 )-C(Ill) 64.1( 3) 87.7( 4) 176.5( 6) 
C(9) -X(1O')-C(11')-C(12') 161.1( 3) 172.5( 4) 70.1( 6) 
C(5R) -C(1R) -C(2R) -C(3R) 3.2(  -1.6(  -1.9( 8) 
C(5R) -C(1R) -C(2R) -C(2RS) 176.3( 4) -175.0( 4) 176.9( 7) 
C(1RS)-C(1R) -C(2R) -C(3R) -175.4( 4) 177.6( 4) -176.8( 7) 
C(1RS)-C(1R) -C(2R) -C(2RS) -2.3( 7) 4.2( 7) 2.1(12) 
C(2R) -C(1R) -C(5R) -C(4R) -2.3(  3.1(  1.3( 8) 
C(2R) -C(1R) -C(5R) -C(5RS) -176.5( 4) 177.1( 4) -176.4( 7) 
C(1RS)-C(1R) -C(5R) -C(4R) 176.3( 4) -176.1( 4) 176.4( 7) 
C(1RS)-C(1R) -C(5R) -C(5RS) 2.0( 7) -2.1( 7) -1.3(11) 
C(1R) -C(2R) -C(3R) -C(4R) -2.9( 4) -0.5( 5) 1.8( 8) 
C(1R) -C(2R) -C(3R) -C(3RS) 175.9(  -174.2(  176.3( 7) 
C(2RS)-C(2R) -C(3R) -C(4R) -176.1( 4) 172.7( 5) -177.0( 7) 
C(2RS)-C(2R) -C(3R) -C(3RS) 2.7( 6) -1.0( 8) -2.5(12) 
C(2R) -C(3R) -C(4R) -C(5R) 1.5( 4) 2.4( 5) -1.0( 8) 
C(2R) -C(3R) -C(4R) -C(4RS) 176.2( 4) -174.5( 5) 175.4( 7) 
C(3RS)-C(3R) -C(4R) -C(5R) -177.2( 4) 176.1( 5) -175.7( 7) 
C(3RS)-C(3R) -C(4R) -C(4RS) -2.5( 7) -0.8( 8) 0.7(12) 
C(3R) -C(4R) -C(5R) -C(1R) 0.5( 4) -3.4( 5) -0.2( 8) 
C(3R) -C(4R) -C(5R) -C(5RS) 174.8( 4) -177.3( 5) 177.5( 7) 
C(4RS)-C(4R) -C(5R) -C(1R) -174.4( 4) 173.5( 5) -176.6( 7) 
C(4RS)-C(4R) -C(5R) -C(5RS) -0.1( 7) -0.4( 8) 1.1(12) 
195 
Table 4.4. 
Selected Bond Lengths(A) with standard deviations for 
[Rh2Cp*2C12(0) I (PF6 ) 2 .CH3 NO2 
Rh - 	 Cl 2.401( 3)  - S(8) 1.843(12) 
Rh - S(1) 2.389( 3) C(1R) -C(2R) 1.407(15) 
Rh - S(4) 2.363( 	3) C(1R) -C(5R) 1.435(16) 
Rh -C(1R) 2.165(11) C(1R) -C(1RS) 1.497(18) 
.Rh -C(2R) 2.199(11) C(2R) -C(3R) 1.459(16) 
Rh -C(3R) 2.181(11) C(2R) -C(2RS) 1.504(17) 
Rh -C(4R) 2.207(12) C(3R) -C(4R) 1.443(16) 
Rh -C(5R) 2.181(12) C(3R) -C(3RS) 1.465(16) 
S(1) - C(2) 1.831(12) C(4R) -C(5R) 1.414(17) 
 - C(3) 1.515(16) C(4R) -C(4RS) 1.497(17) 
 - S(4) 1.804(12) C(5R) -C(5RS) 1.501(19) 
S(4) - C(5) 1.798(11) N - 0(1) 1.201(23) 
 - C(6) 1.541(15) N - 0(2) 1.179(23) 
 - C(7) 1.538(16) N - 	 C 1.479(22) 
Table 4.5. 
Selected Angles( 0 ) with standard deviations for 
[Rh2Cp*2C12(L5) I (PF6 ) 2 .CH3 NO2 
Cl - Rh - S(1) 
Cl - Rh - S(4) 
S(1)- Rh - S(4) 
Rh - S(1)- C(2) 
S(1)- C(2)- C(3) 
C(3)- S(4) 
Rh - S(4)- C(3) 
Rh - S(4)- C(5) 
S(4)- C(5) 



































0(1)- N - 0(2) 
0(1)- N - C 


















Selected Torsion angles( 0 ) with standard deviations for 
[Rh2Cp*2C12(L5) ] (PF) 2CH3 NO2 
Rh 	- S(1) - C(2) - C(3) 25.3( 8) 
S(1) 	- C(2) - C(3) - S(4) -46.7(10) 
- C(3) - S(4) - C(5) -81.4( 9) 
Rh 	- S(4) - C(5) - C(6) -60.0( 9) 
- S(4) - C(5) - C(6) 53.3( 9) 
S(4) 	- C(5) - C(6) - C(7) 166.8( 7) 
- C(6) - C(7) - S(8) -166.6( 7) 
- C(7) - S(8) - C(9) 66.6( 9) 
- S(8) - C(9) -C(10) -153.8( 8) 
C(5R) 	-C(1R) -C(2R) -C(3R) -3.5(13) 
C(5R) -C(1R) -C(2R) -C(2RS) 175.4(11) 
C(1RS)-C(1R) -C(2R) -C(3R) -175.3(11) 
C(1RS)-C(1R) .-C(2R) -C(2RS) 3.6(19) 
C(2R) -C(1R) -C(5R) -C(4R) 0.6(13) 
C(2R) -C(1R) -C(5R) -C(5RS) -173.4(12) 
C(1RS)-C(1R) -C(5R) -C(4R) 172.4(11) 
C(1RS)-C(1R) -C(5R) -C(5RS) -1.7(20) 
C(1R) -C(2R) -C(3R) -C(4R) 4.9(12) 
C(1R) -C(2R) -C(3R) -C(3RS) 179.0(11) 
C(2RS)-C(2R) -C(3R) -C(4R) -174.0(11) 
C(2RS)-C(2R) -C(3R) -C(3RS) 0.2(19) 
C(2R) 	-C(3R) -C(4R) -C(5R) -4.6(13) 
C(2R) -C(3R) -C(4R) -C(4RS) 173.2(11) 
C(3RS)-C(3R) -C(4R) -C(5R) -178.7(11) 
C(3RS)-C(3R) -C(4R) -C(4RS) -0.9(18) 
C(3R) -C(4R) -C(5R) -C(1R) 2.5(13) 
C(3R) 	-C(4R) -C(5R) -C(5RS) 176.5(12) 
C(4RS)-C(4R) -C(5R) -C(1R) -175.1(11) 
C(4RS)-C(4R) -C(5R) -C(5RS) -1.1(21) 
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Table 4.7 	'H n.m.r. Data for Extended Sandwich Complexes Incorporating L 
(P. P.M.) 
Complex Solvent Carbocylic Ring Macrocyclic Ligand 
(Rh 2Cp2 Cp2 (L')] (BPh4 ) 2 CD3NO2 1.82 	CS, 	C5Me5 ), 2.8-3.5 	Cm, 	CH 2 ) 
[Ir 2 Cp;Cl 2 (L)] (BPh4 ) 2 d 6 -dmso 1.75 	CS, 	C5Me 5 ) 2.5-3.5 	Cm, 	CH 2 ) 
[Ru 2 (4-MeC 6H4 1 Pr) 2 (L)] (BPh4 ) 2 CD3NO2 5.97, 	5.87 	(HAHB 	14.5Hz, 2.5-3.5 	Cm, 	CR2 ) 
[Ru 2 (C 6 H6 ) 2 Cl 2 (L)] (BPh4 ) 	 d 6 -dmso 
[Ru2 (C6 Me6 ) 2 C1 2 (L)J (BPh4 ) 2 	d 6 -dmso 
[Os 2 (4-MeC6 H4 1 Pr) 2 C1 2 (L)] (BPh4 ) 2 CD3NO2 
J 6Hz), 2.20 (S, Me) 
1.27 (d, CliMe 2 , J 7Hz). 
6.10 (S, C6H6 ) 
2.04 (s, C6Me6 ) 
6.16, 6.06 (HAHB  15Hz, 
J 6Hz) 2.11 (S, Me), 
1 . 17 (d, CHMe 2 , J 7Hz). 
2.8-3.5 (m, CH 2 )
2.5-3.5 Cm, CH 2 ). 
2.5-3.5 (m, CR 2 ). 
Chemical shifts measured in CD 3NO2 CS = 4.33 p.p.m.), d 6 -dmso (ó 	2.50 p.p.m.) were 
referenced to the residual proton resonances of the respective solvents. 
(BPh4 ) resonances observed between 6 = 6.8 - 7.5 p.p.m. 
Table 4.8 	'H n.m.r. Data for [Rh 2CpCP2 (L)] (BPh4 ) 2 
6 (p.p.m.) 
Solvent 	 Carbocyclic Ring 	Macrocyclic Ligand 
L = L 	 CD3NO2 	 1.82 (S, C 5Me 5 ) 	 2.8-3 	(m, CH 2 ) 
L 	L 5 	 CD3NO2 	 1.70 (S, C5Me 5 ) 	 2.8-3 	(m, CH 2 ) 
L = L 6 	 d 6 -dmso 	 1.60 (S, C5Me 5 ) 	 2.5-3.5 (m, CH 2 ) 
4.5 (br.s., NH). 
L = L 7 	 d 6 -dmso 	 1.65 (S, C Me 5 ) 	 2.7-3.7 (in, CH 2 ), 
5.8 (br.s., NH). 
Chemical shifts measured in CD3NO2 (6 = 4.33 p.p.m.), d 6 -drnso (6 = 2.50 p.p.m.) were 
referenced to the residual proton resonances of the respective solvents. 




1,4-dithia-7,1 0,1 3-trioxacyclopentadecane 
CHAPTER 5 
MONONUCLEAR COMPLEXES OF 1.4-DITHIA-7.1 0.1 3-TRIOXACYCLOPENTADECANE 
5.1. Introduction 
The synthesis of macrocyclic ligands that contain more than one 
recognition site for binding several metal species is of considerable current 
interest in the chemical literature 263. The mixed thia/oxa donor 
1,4-dithia-7,10,13-trioxacyclopentadecane 1- 8, has the potential ability to bind 
soft transition metal centres via the thia donors, and bind hard alkali metal ions 
in the crown ether cavity. This chapter describes the formation of complexes of 
the type [M(L 8)(arene)CI]t (M = Ru, Os), and [M.(L8)Cp*CI]+, (M' = Rh, Ir), and 
discusses the potential of these systems to bind additional guest species. As 
an introduction the synthesis and reactions of mixed thia/oxa macrocyclic 
ligands is included here, along with a brief survey of macrocyclic ligands that 




5.1.1. Mixed Thia/Oxa Donor Macrocyclic Ligands 
The ligand L8 is prepared 264 by reacting 1,11-dichloro-3,6,9-trioxaundecane 
with 1,2-ethanedithiol and sodium hydroxide in ethanol, see Scheme 5.1. The 
product is first distilled and then recrystallised from a benzene/hexane mix to 





SH 	CI 	 NaOH o  




This method is widely applicable and a range of dithia polyoxa macrocyclic 
ligands with increasing numbers of (O-CH 2-CH 2) units in the ring have been 
prepared 264265. Other mixed thia/oxa macrocycles containing varying numbers 
of sulphur and oxygen atoms are also readily synthesized 266 . 
These mixed donor macrocycles were originally prepared as part of an 
investigation into the effect on cation selectivity of substituting sulphur for 
oxygen in crown type ligands. The crown ethers are well known to bind alkali 
metal ions and are the subject of several reviews 267. A calorimetric study by 
lzatt and co-workers demonstrated 268 that the partial substitution of sulphur 
for oxygen in 15-crown-5 and 18-crown-6 has little effect on the affinity of 
the ligand for Tl or Pb ions, but greatly increased the affinity for the softer 
Ag and Hg' ions. 
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The single crystal structure 269  of L8 shows that, although the sulphur atoms 
are exodentate, the S-C-C-S torsion angle is about 180 0 (anti), placing the thia 
donors 4.5 A apart. Some conformational change is therefore required before 
L 8 can act as a bidentate ligand. 
There are no reports of transition metal complexes incorporating L 8 and 
there are only a few examples formed with related ligands. The structure 270  of 
the palladium complex, [PdCl2(L)] 
- 	(L = 1,10-dithia-4,7,13,16-tetraoxacyclooctadecane), has been determined by 
x- ray diffraction techniques and shows a square planar palladium(ll) ion bound 
to two chloride ions and the thia donors of the ligand. In order to achieve 
co-ordination of the sulphurs in the 1 and 10 positions the macrocycle must 
fold, which also has the effect of orienting the oxygen atoms away from the 
transition metal centre. The discrete molecules are held together by hydrogen 
bonds. The analogous macrocyclic ligand with the thia donors adjacent in the 
ring, (L = 1,4-dithia-7,10,13,16-tetraoxacyclooctadecane), binds to the 




- S) 	0 
[11 
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5.1.2. Macrocyclic Ligands Containing Two Recognition Sites 
There are rather few reports of binucleating ionophores that incorporate a 
soft site that will co-ordinate to a transition metal and a hard crown ether site 
that will bind alkali metal ions. However, an important feature of some of these 
ligands is that they exhibit allosteric properties 272, where the binding of a metal 
ion to one site causes conformational changes in the ligand that affect the 
second co-ordination site. In enzymology this binding to a remote or allosteric 
site provides a mechanism whereby the reactivity of the enzyme active site can 
be regulated 273 . 
In several studies 272,274,275 - on allosteric effects in macrocyclic systems 
Rebek and co-workers have used a macrocyclic ligand L [21 that contains a 
2,2'-bipyridyl unit and a crown ether moiety. The co-ordination of metal 
fragments, (ZnCl2, HgCl 2, PdCl2, W(CO) 4), to the nitrogens of the bipyridyl unit 
enforces planarity on that part of the molecule, and this distorts the 
macrocyclic ring so that only four of the five oxa donors can direct their lone 
pairs into the crown ether cavity 274. Therefore, subsequent binding of alkali 
metal cations into the cavity is much diminished. However, this conformational 
change can alter the ion-transport selectivity; the free bipyridyl crown 
transports Na ions in preference to K ions, but binding of tungsten at the 




In a study 276  on a related system, Chambron and Sauvage have also 
demonstrated reciprocal control of one site in a macrocyclic ligand by 
complexation of the other to a transition metal. The binding of ruthenium(II) to 
the octahedral site of a ligand incorporating both a 2,2'-bipyridyl and a 
2,9-diphenyl-1,10-phenanthroline fragment allows complexation of Cu(l) to the 
tetrahedral site. Allosteric effects have also been studied in relation to 
co-operative 02 or CO binding to hemaglobin 277, and gable porphyrin di-iron 
compounds have been synthesized that also show allosteric CO binding. 
The Schiff base bis(crown ether) ligand, L, synthesized by Beer 263 contains 
recognition sites for alkali and transition metal ions. The two 
benzo-15-crown-5 units will each bind a sodium ion in the formation of a M:L, 
2:1 complex. However, the flexible Schiff base bridging unit allows these crown 
moieties to sandwich a potassium ion, so that only the M:L, 1:1 complex is 
formed with K. The Schiff base dithia receptor site can bind either a tetragonal 
Cu(II) ion or a tetrahedral Ag(l) ion and this introduces some rigidity into the 
ligand which affects the type of complex formed with the alkali metal ions. 
The copper complex brings the crown ether rings into close contact, allowing 
them to sandwich a potassium ion and form a Cu 2 :K:L, 1:1:1 complex. 
However, binding of a tetrahedral silver(l) ion forces the crown ether arms 
apart and prevents this type of intramolecular sandwiching; a complex with the 
stoichiometry Ag:K:L, 1:2:1 is formed, [31 
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Another macrocyclic figand L', containing both Schiff base and crown ether 
sites, binds a nickel(II) ion and a barium(II) ion in the formation of a 
heterobinuclear complex [4] 279•  This complex and the free ligand L' were 
characterised by 1 H n.m.r. spectroscopy and the structure of the barium salt, 







CO 	 0 
Ba 2+ 
~~O \I-- 0---') 
.2 Cl 04 
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Lehn and co-workers have synthesized dinucleating ligands by the 
attatchment of two side chains to a macrocyclic framework 280. The macrocyclic 
cavity can bind a Zn 2+  ion while the functionalised side-arms co-ordinate to a 
transition metal centre via tertiary phosphine end groups 281 . Another recent 
report by Lehn and co-workers outlines the synthesis of metalloreceptor 
supermolecules, incorporating both porphyrin and polyether sub-units capable 
of forming mixed complexes with organic substrates and metal ions 282 . 
A very unusual incorporation of a crown ether moiety into a transition 
metal complex is seen in the species [51 where two [Cr(CO) 3] fragments are 
u-bound to the benzene rings of dibenzo-18-crown-6 283 The complex is 
prepared from [Cr(CO)3(fl 6-o-C 6H4Cl 2] by nucleophilic substitution of the 
ortho-chlorides which are activated by complexation of the arene ring to the 
chromium centre. Another important critereon for the success of the reaction is 
that it is carried out using phase transfer catalysis. No mention is made of any 
attempts to bind any alkali metal ions to the crown ether cavity. 
CO
o 
(CO)3Cr 	 Cr(CO) 3 
[5] 
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Results and Discussion 
The synthesis of binuclear complexes, outlined in the previous chapter, 
demonstrated that the chioro-bridged dimers [MCI2(arene)] 2 (M = Ru, Os) and 
[MCI2CP*]2 (M = Rh, Ir) react readily with macrocycles that act as bridging 
ligands. In the formation of these complexes each metal centre co-ordinates to 
only two macrocyclic donor atoms, a chloride ion and the TI-bonded 
carbocyclic ring; this type of co-ordination sphere has proved to be particularly 
stable. This suggests that a similar reaction using a bidentate macrocyclic 
ligand would afford analogous stable monomeric complexes. 
	
Such 	a 	bidentate 	ligand 	is the 	mixed 	thia/oxa 	macrocycle 
l 4-dithia -7,1O,13-trioxacyc lope ntaeC8 ne, L 8, which would be expected to bind 
to soft transition metal centres via the thia-donors. The successful 
co-ordination of this macrocycle in a stable complex would allow investigation 
into the possibility of binding additional guest species, such as alkali metal ions 
or polar molecules, to the crown ether cavity. 
This chapter describes the synthesis of monomeric complexes incorporating 
L8  but unfortunately insufficient time prevented a complete study of their 
chemistry. The preparation and characterization of these mixed 
macrocyclic/carbocyclic complexes was similar to that outlined in Chapter 4 for 
the binuclear species and, for the sake of brevity, the discussion will be limited 
to two sections describing firstly the ruthenium and osmium arene systems 
and secondly the rhodium and iridium Cp* systems. 
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5.2. Ruthenium and Osmium 
The addition of two molar equivalents of the macrocyclic ligand L 8 to 
methanolic solutions of the dimers [MCI2(arene)12 (M = Ru, arene = C61 ­1 6, 
4-MeC 6 H4 1 Pr, C6 Me 6; M= Os, arene = 4-MeC 6 H 4 1 Pr) produced an immediate 
colour change. (Such a facile reaction is in sharp contrast to the synthesis of 
the the binuclear complexes in Chapter 4 where a two hour reflux of the 
corresponding solutions was required to affect reaction.) The resulting mixtures 
were stirred for 30 minutes at room temperature before excess NaBPh 4 was 
added. No precipitate formed immediately but on standing at 255 K overnight 
the following products were obtained; [Ru(L 8)(arene)Cl](BPh 4) as orange 
microcrystalline solids, (arene = C61 ­16, C6Me6), or large orange columnar 
crystals, (arene = 4-MeC 6 H4 1Pr), and [Os(L 8)(4-MeC6H 4 'Pr)Cl](BPh 4) as bright 
yellow lamellar crystals. The yields were excellent, ranging from 70 to 88%. 
The infra red spectra of these complexes exhibit bands at 2915 and 2870 
cm  assigned to the C-H stretch of 18.  The other thia macroqycles L 3, L4, L5 
and L7 showed C-H stretches at around 2920 cm 1 , so the band at 2915 cm 1 
presumably arises from methylene groups adjacent to thia donors. The 
methylene groups next to oxa donors would be expected to have more acidic 
protons due to the proximity of the electronegative element, and this 
polarization and weakening of the C-H bond would prompt a shift of the 
stretching vibration to lower frequency. The band observed at 2870 cm -1 is 
assigned to the C-H stretch of methylene groups attached to oxygen atoms. In 
addition to the strong bands for the counter-ion BPh 4 , there is a weak band at 
around 300 cm -1 which is probably the M-Cl stretch. 
The complexes showed good solubility in a range of polar solvents, (dmso, 
CH 3NO2, CH3CN, acetone, methanol). There was no sign of any sensitivity to air 
even on standing in solution for a period of several weeks. 
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The 1 H n.m.r. spectra of the complexes displayed a broad second order 
multiplet in the region 6 = 2.5+4.2 p.p.m., due to the methylene protons of L 8. It 
did not prove possible to resolve this complicated pattern. In addition the 
spectra showed peaks for the n 6-arenes and the BPh 4 ion. The 1 H n.m.r. data 
is listed in Table 5.7. Integration of the peaks suggested a ratio of 
arene 	: 	L8 	: 	BPh4 
and the formulation [M(L 8)(arene)Cl](BPh 4), (M = Ru, arene = C6H 6, 4-MeC 6 H 4 1 Pr, 
C6Me 6; M = Os, arene = 4-MeC 6 H 4 1 Pr), was confirmed by elemental analysis. 
The lower molecular weights and greater solubility of these complexes, 
compared to the binuclear complexes, made it much easier to obtain 13C n.m.r. 
data; this data is listed in Table 5.8. The 13C n.m.r. 	spectrum for 
[Ru(L8)(4-MeC6H 4 'Pr)Cl](BPh 4), see Figure 5.1, showed eight peaks for methyl 
and methylidene carbons, three of which arise from the BPh 4 ion (6 = 121.1, 
125.0, 135.1 p.p.m.). The five remaining peaks were assigned to the CH and 
CH 3 groups of the p-cymene ligand, (6 = 16.3 p.p.m., C1RS; 6 = 20.7 p.p.m., 
MRS and C4RS; 6 = 29.9 p.p.m., C2RS; 6 = 86.4 p.p.m., C3R and C513; 
6 = 87.6 p.p.m., C2R and C611). In addition there are four peaks due to 
methylene carbons, although the highest frequency resonance at 6 = 69.2 
p.p.m. has twice the intensity of the other peaks. This resonance is assigned to 
the carbon atoms C8, C9, Cli and C12; for atom labelling see Figure 5.1. The 
remaining peaks were assigned to C6 and C14 (6 = 68.2 p.p.m.), C5 and C15 
(6 = 35.1 p.p.m.), and the lowest frequency resonance at 6 = 32.0 p.p.m. to the 
carbons between the chelating thia donors, C2 and C3. 
209 




C2R1IC3R, 	 C2RS j 
	J C1RS C6RIIC5R 
C2,C3 
C 5, Cl 5 
C6, C14 
C8,C9,Cl1C12 
I 	 I 	 I 
P.P.M. 120 	100 	80 	60 	40. 	20 	0 
The 13C n.m.r. spectrum for the osmium analogue 
[Os(L8)(4-MeC6H 4 'Pr)Cl](BPh 4) is very similar except that the environments of C8, 
C9, C1  and C12 are no longer equivalent and two peaks are observed. These 
were assigned to C8 and C12 (6 = 69.40 p.p.rn.) and C9 and C1  
( = 69.57 p.p.m.). 
The single crystal structure of the ruthenium p-cymene complex was 
determined to check the connectivity and conformation of the molecule. A 
crystal obtained from the original reaction mixture to which excess NaBPh 4 had 
been added was of excellent quality and suitable for x-ray diffraction study. 
Single Crystal Structure Determination of (Ru(L 8)(4-MeC6H 4 'Pr)Cl](BPh 4) 
Details of the structure solution are given in the Experimental Section. 
Selected bond lengths are listed in Table 5.1, bond angles in Table 5.2, and 
torsion angles in Table 5.3. An ORTEP plot of the molecule showing the 
molecular geometry of the cation is presented in Figure 5.2. 
The structure shows an octahedral ruthenium(ll) ion bound to the two thia 
donors of L8, a chloride ion and the p-cymene ligand. The macrocycle is 
symmetrically co-ordinated to the metal centre, the Ru-S distances being 
equivalent within experimental error (Ru-Si = 2.3810(11) A, 
Ru-S4 = 2.3773(11) A). The chelate angle is just less than that for perfect 
octahedral symmetry, 86.07(15) 0 , and the S-Ru-Cl angles are correspondingly 
just greater than 90 ° (Cl-Ru-Si 90.55 0 , CI-Ru-S4 = 91.40 0 ). The torsion 
angles about the sulphur carbon bonds show three gauche and one anti 
interaction. However, the carbon oxygen bonds adopt five anti and one gauche 
interaction to avoid unfavourable 1,4-methylene contacts. 
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Figure 5.2 	ORTEP Diagram of [Ru(L8)(4-MeC6H4'Pr)CL} 
There are some close contacts between the oxygen atoms and methylene 
protons within the ring, 07-).H3B = 2.225(6) A, 010H3B = 2.655(6) A, 
013-H2A = 2.424(5) A, see Figure 5.2. However, the C-H-O angles do not 
approach 1800  and these close contacts are likely to be caused by the 
conformation of the crown ether ring, where the oxygen atoms are forced to 
point into the cavity, rather than by any intramolecular hydrogen bonding 
interaction. 
As mentioned previously, a shortage of time precluded a detailed 
investigation of complexes incorporating L8. However, it was possible to 
demonstrate the ease of displacement of the chloride ion from ruthenium and 
also from rhodium, see Section 5.3. This is in marked contrast to the binuclear 
systems described in Chapter 4 where it proved to be impossible to abstract 
the chloride ion from ruthenium and it required prolonged reflux with TIPF 6 to 
remove the chloride from rhodium. 
Addition of excess PMe 2Ph to a solution of [Ru(L8)(C6H 6)Cl] 	in methanol 
followed 	by warming the 	mixture for 	an hour 	afforded 	the complex 
8 	 2+ 	 i [Ru(L )(C6H6)PMe2Ph] . This was isolated as the PF 6
- 
 salt and recrystallized 
from a methanol/ether mix to give a yellow microcrystalline solid. The 31 P 
n.m.r. spectrum showed a singlet for the co-ordinated tertiary phosphine at 
= 5.83 p.p.m. and elemental analysis was consistent with the formulation 
[(L8(C6H6)PMe2Ph](PF 6) 2. 
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5.3. Rhodium and Iridium 
The rhodium and iridium chioro-bridged dimers react readily with L 8 in 
methanol at room temperature to afford the monomeric cations [M(L8Cp*c,]+, 
(M' = Rh, Ir). These were isolated as the BPh 4  salts which are orange (M' = Rh) 
and yellow (M' = Ir) crystalline complexes. The yields are almost quantitative. 
The infra red spectra exhibit the characteristic bands for the C-H stretch of 
L8, 2915 and 2870 cm -1 . In addition to strong bands for BPh 4 there is also a 
weak band at 290 cm -1 (M' = Rh), 299 cm -1  (M' = Ir) assigned to the M'-CI 
stretch. The 1 1-11 n.m.r. spectrum shows singlets for the Cp*  ligands, 
(6 1.69 p.p.m., M' = -Rh; 6 = 1.72 p:p.m, M' = lr), the typical resonance for 
BPh 4 , (iS = 6.8+7.5 p.p.m.), and a large second order multiplet assigned to the 
protons of L8, ( 6 = 2.5+4.2 p.p.m.). Interestingly the macrocyclic peaks are very 
sharp and well defined, in contrast to the broad featureless resonance for L 8 
co-ordinated to ruthenium and osmium. The 1 H n.m.r. spectrum of 
[Rh(L8)Cp*Cl](Bph4) is presented in Figure 5.3. 
The 13C n.m.r. spectra showed a singlet for the methyl groups of the Cp* 
ligands and four peaks which were assigned to the methylene carbons of the 
macrocycle L 8. The 13C n.m.r. data is listed in Table 5.8. 
The single crystal structure of [Rh(L8)Cp*Cl](Bph4) was determined in order 
to allow comparison with the analogous ruthenium structure and also with the 




Single Crystal Structure Determination of [Rh(L8)Cp*Cl](BPh4) 
Details of the structure solution are given in the Experimental Section. 
Selected bond lengths are listed in Table 5.4, bond, angles in Table 5.5 and 
torsion angles in Table 5.6. ORTEP plots showing the molecular geometry of 
the cation are presented in Figure 5.4 (planar view) and Figure 5.5 (eclipsed 
view). 
The structure shows an octahedral rhodium(Ill) ion bound to the two thia 
donors of L8, a chloride ion and the Cp*  ligand. The rhodium sulphur distances 
are not equivalent, Rh-Si = 2.3722(13) A, Rh-S4 = 2.3594(12) A. The S1-Rh-S4 
chelate angle is 86.610  and the CI-Rh-S angles are 93.58(4) and 94.30(4) 0 . The 
conformation of the macrocycle has three out the four C-S bonds in the 
gauche position and four out the six C-O bonds adopt the anti configuration. 
The oxygen atoms are oriented into the cavity of the macrocycle. 
The co-ordination sphere about the Rh(Ill) ions in the structures 
[Rh(L8)Cp*Cl](BPh4) (A) and [Rh2Cp*2C12(L4)](BPh4)2 (B) are very similar. 
(A) (B) 
Rh-Si 	(A) ' 2.3722(13) . 	 2.3641(10) 
Rh-S4 (A) 2.3594(12) 2.3764(10) 
Rh-Cl 	(A) 2.3868(11) 2.3865(10) 
Rh-05 plane (A) 1.7992 1.8011 
S1-Rh-S4 (0) 86.61(4) 87.04(3) 
Cl-Rh-Si 	(°) 93.58(4) 91.70(3) 
Cl-Rh-S4 	(0)  94.30(4) 94.77(3) 
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plar 
Figure 5.4 	ORTEP Diagram of 	[Rh(L8 )ccI] + 
Figure 5.5 	ORTEP Diagram of [Rh(L8)Cp*C[]+ 
eclipsed view. 
The chloride is easily displaced from [Rh(L8)Cp*Cl]+ by reaction with TIPF6 
in 	CH3CN, 	yielding 	the solvated species 	[Rh(L8)Cp*(CH3CN)]2+ which was 
isolated as the BPh 4 salt. The phosphine species [Rh(L8)Cp*PEt2Ph]2+ can be 
prepared by either displacing the acetonitrile molecule from the solvated 
cation, or by direct reaction of [Rh(L8)Cp*Cl]f  with excess PEt 2Ph. The 31 P n.m.r. 
spectrum of this new complex shows a doublet for the tertiary phosphine 
co-ordinated to rhodium, S = 22.24 p.p.m. RhP = 131.8 Hz. 
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5.4. Binding of Additional Guest Species 
The presence of the crown ether moiety in these complexes suggests that 
it should be possible to bind additional guest species. The crystal structures of 
[Ru(L8)(4-MeC6H4Pr.)Cl](Bph 4) and [Rh(L8)Cp*clJ(Bph4) show that the oxygen 
atoms are oriented into the centre of the macrocyclic ring which is essential 
for complexation. However, with only three oxa donors the cavity may not be 
large enough to encompass an alkali metal ion. 
A promising development might be to try to introduce small polar 
molecules into the macrocyclic cavity. Stoddart and co-workers have 
. demonstrated that ammino molecules bduidtôtransitibn metal centres, 
e.g. [Pt(bipy)(NH3)2]2, [Rh(COD)(NH3) 2], can hydrogen-bond to the oxygen 
atoms of crown ether mOlecules 284 '285. It would be particularly interesting if 
such a secondary interaction were formed between the cavity of L 8 and a 
ligand bound to the metal centre. Replacing the chloride in the complexes 
[M(L 8)(arene)cl], EM'(L8)Cp *clI+ with hydrazine or ethylenediamine may induce 
both primary co-ordination to the metal and second sphere co-ordination to 
the crown ether cavity, see Figure 5.6. It may also be possible to form stable 
amino-acid complexes, with the acid function bound to the metal centre and 
the amino groups hydrogen bonded to the oxa donors. Previous work has 
shown that the binding of metal ions to crown ethers is very dependent upon 
the size of the macrocyclic cavity 286  and therefore it seems likely that variation 
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Physical measurements were carried out as described in Chapter 2. 
Materials 
The macrocyclic ligand L 8  was synthesized by literature procedures 264 and 
purified first by distillation and then recrystallized from a benzene/hexane mix. 
All other materials were prepared as described in Chapter 2. 
The H n.m.r. data for the new complexes are listed in Table 5.7, and the 
13 C n.m.r. data in Table 5.8. 
Single Crystal Structure Determination of (Ru(L 8)(4-MeC6H4'Pr)Cl](Bph 4 ) 
Crystals were obtained from the methanolic reaction mother liquor to which 
excess of NaBPh 4 had been added. 
Crystal Data 
[C20H34CIO3RLJS21.(C24 H 20B 	M= 841.20. Monoclinic, a = 9.9271(6), 
b = 15.7070(13), C = 26.455(8) A, 8 = 92.380(17) 0 , V= 4121 A 3 (from 28 values 
of 44 reflections measured at ±w, 28 = 29.46 ° , A = 0.71069 A), space group 
P21 1c Z= 4. D = 1.358 gcm 3. Orange tablets. Crystal dimensions 0.46 x 0.58 
x 0.96 mm, j1(MoKa) = 5.38 cm - 
Data Collection and Processing 
AED-2 four circle diffractometer, w - 28 mode with w scan width 0.8 0 + 
0.347(tan8)°, graphite monochromatecj MoKa radiation; 5607 reflections 
measured, (1.5 < 8 < 22.5 ° , h-10+1O, kO+16, /0-'26), giving 4659 with 
F> 6a(F), no absorption correction, no crystal decay. 
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Structure Analysis and Refinement 
Patterson Synthesis (Ru) followed by iterative least-squares refinement and 
difference Fourier synthesis revealed the positions of all non-hydrogen atoms. 
Full matrix least-squares refinement with idealized phenyl rings for BPh 4 , H 
atoms in calculated positions and anisotropic thermal motion for Ru, Cl, S, 0, B 
and C atoms. The weighting scheme W 1 = a2 (F ) + 0.000824(F 2) gave 
satisfactory agreement analysis. Final R and R are 0.0375 and 0.0599 for 421 
parameters refined and the final AF synthesis showed max. peak and mm. 
trough of 0.73, 0.57 eA 3. 
Single Crystal Structure Determination of [Rh(L8)Cp*Cl](BPh4) 
Crystals were obtained from a solution of the complex in a nitromethane/ether 
mix. 
Crystal Data 
[C20H35Cl03Rhs 2].(C24 H 20 B) - , M= 845.20. Monoclinic, a = 11.0936(5), 
b = 28.4016(20), c = 13.3751(9) A, B = 95.161(5) ° , V= 4197 A 3 (from 28 values 
of 35 reflections measured at ±w, 20 = 33.64 ° , A = 0.71069 A), space group 
P21 /c 
Z= 4, 0 = 1.337 gcm 3. Orange columns. Crystal dimensions 
0.31 x 0.35 x 1.04 mm, u(MoKa) = 6.08 cm - 
Data Collection and Processing 
AED-2 	four 	circle diffractometer, 	learnt profile 	method, graphite 
monochromated Mo-Ku radiation; 5629 reflections measured, (1.5 < 8 	< 	22.5 ° , 
h 	-11-)-11, 	k 	0-30, 	/ 0+14), 	giving 	4859 	with F > 	4a(F ), 	no absorption 
correction, no crystal decay 
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Structure Analysis and Refinement 
Patterson Synthesis (Rh) followed by iterative least-squares refinement and 
difference Fourier synthesis revealed the positions of all non-hydrogen atoms. 
Full matrix least-squares with idealized phenyl rings for BPh 4 , H atoms in 
calculated positions and anisotropic thermal motion for Rh, Cl, 5, 0, B and C 
atoms. The weighting scheme W 1 = a2 (F) + 0.000049(F 2 ) gave satisfactory 
agreement analysis. Final R and R are 0.0384 and 0.0480 for 437 parameters 
refined and the final AFsynthesis showed max. peak and mm. trough of 0.69, 
0.35 eA 3 . 
i) [Rh(L8)Cp*Cl](BPh4) 
[RhCl2Cp*12, (50 mg., 0.081 mmole), was dissolved in degassed methanol, 
(40 ml.), and addition of the solid ligand L 8, (41 mg., 0.162 mmole), produced an 
immediate orange to yellow colour change. The mixture was stirred for ten 
minutes at room temperature and excess NaBPh 4  was added. Cooling the 
solution to 255 K overnight afforded an orange microcrystalline solid, which 
was recrystallized from nitromethane to give orange columnar crystals. (62 mg., 
90%). Mol. Wt. 845.20. (Found : C, 62.4; H, 6.57%. Calc. for C44H55BCI0 3 Rh5 2 : 
C, 62.5; H, 6.56%.) I.R. Spectrum v(C-H) 2915, 2870 cm -1 , v(Rh-Cl) 290 cm -1 . 
Other bands: 3055, 2985, 1578, 1478, 1428, 1404, 1378, 1362, 1300, 1242, 1136, 
1081, 1035, 1020, 848, 750, 735, 705, 610, 470 cm -1 . 
i)b) ERh(L8)Cp*CI](pF6) 
Method as for i) above except that the product was obtained as the PF 6 salt 
by addition of excess NH 4 PF6  in water to the reaction mixture. The solvent was 
removed on a rotary evaporator and the resulting yellow residue recrystallized 
from nitromethane to give an orange crystalline solid. (44 mg., 80%). 
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Mol. Wt. 670.87. (Found : C, 35.5; H, 5.31; S, 9.3; Cl, 5.7%. 	Caic. for 
C20H 35 C1F603 PRhS 2  : C, 35.8; H, 5.26; S, 9.6; Cl, 5.3%.) 
[ lr(1 8)Cp *Cl ](BPh4)  
Method as for i) above, using [lrCl2Cp*]2, (30 mg., 0.038 mmole), and L 8, 
(19 mg., 0.076 mmole). The product was obtained as a bright yellow crystalline 
solid. (67 mg., 95%). Mol. Wt. 934.51. (Found: C, 56.3; H, 5.90; S. 7.6; Cl, 4.5%. 
Caic. for C44 H 55 BC11rO 3S 2 : C, 56.5; H, 5.93; S. 6.9 Cl, 3.8%.) I.R. Spectrum v(C-H) 
2910, 2880 cm -1 , v(lr-Cl) 299 cm -1 . Other bands: 3050, 2980, 1580, 1478, 1426, 
1402, 1382, 1362, 1298, 1241, 1190, 1136, 1110, 1080, 1030, 932, 891, 845, 812, 
749, 735, 705, 610, 470, 451 cm 1 . 
[Ru(L8)(4-MeC 6 H4 1 Pr)Cl](6ph 4) 
Method as for i) above, using ERuCl 2(4-MeC6 H 4 'Pr)1 2, (50 mg., 0.081 mmole), and 
L8, (40 mg., 0.162 mmole). The product was isolated from the methanolic 
reaction solution as large orange tabular crystals. (60 mg.,88%) Mol. Wt. 841.5. 
(Found: C, 62.4; H, 6.49; S, 7.3; Cl, 4.5%. CaIc. for C 44 H 54BCI0 3 RuS2: C, 62.7; H, 
6.42; S, 7.6; Cl, 4.2%.) I.R. Spectrum v(C-H) 2920, 2875 cm -1 . Other bands: 
3055, 2985, 1578, 1478, 1405, 1361, 1300, 1242, 1129, 1114, 1080, 1034, 845, 735, 
705, 610 cm -1  
[Ru(L8)(C6H5)Cl](Bph 4).CH 3NO 2 
Method as for i) above, using [RuCl 2 (C 6 H 6)] 2 , 
(50 mg., 0.1 mmole), and L 8, (50 mg., 0.2 mmole). The product was isolated as 
an orange crystalline solid. 
(59 mg., 70%). Mol. Wt. 846.5. (Found: C, 57.8; H, 5.75; N, 1.68%. CaIc. for 
C41 H 49BCIN05 RuS 2: C, 58.1; H, 5.79; N, 1.66%.) I.R. Spectrum v(C-H) 2910, 
2885 cm- 1,  v(Ru-Cl) 291 cm -1 . Other bands: 3050, 3000, 1578, 1478, 1438, 
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1429, 1404, 1360, 1297, 1245, 1195, 1145, 1115, 1095, 1078, 1031, 1005, 946, 845, 
735, 705, 628, 610, 466, 360 cm -1 
(Ru(L8)(C 6Me6)Cl](BPh 4 ) 
Method as for i) above, using [RuCl 2 (C 6 Me 6)]2, (50 mg., 0.076 mmole), and L 8, 
(39 mg., 0.152 mmole). The product was isolated as a yellow crystalline solid. 
(50 mg., 75%). Mol. Wt. 870.40. (Found: C, 62.8; H, 6.63; S, 7.5; Cl, 4.7%. CaIc. for 
C46H 58BCI0 3 RuS 2: C, 63.5; H, 6.72; S, 7.4; Cl, 4.1 1/6.) I.R. Spectrum u(C-H) 
2905,2870 cm -1 , '( Ru-Cl) 310 cm -1 . Other bands: 3050, 2995, 2980, 1580, 1478, 
1426, 1402, 1361, 1299, 1239, 1189, 1137, 1079, 1031, 1011, 944, 891, 847, 812, 
745, 735, 705, 610, 470 cm -1 . 
[Os(L8)(4-MeC6H4 Pr)Cl](Bph 4 ) 
Method as for i) above, using [OsCl 2(4-.MeC 6 H 4 1 Pr)]2, (30 mg., 0.038 mmole), and 
L8, ( 19 mg., 0.076 mmole). The product was isolated as bright yellow tabular 
crystals. (28 mg., 80%). Mol. Wt. 934.50. (Found: C, 56.7; H, 6.00; 5, 7.0; Cl, 4.5%. 
CaIc. for C 44 H54BCI0 3OsS 2: C, 56.5; H, 6.15; S. 6.9; Cl, 3.8%.) I.R. Spectrum 
'(C-H) 2920, 2860 cm -1 , \(Os-Cl) 304 cm -1 . Other bands: 3050, 2980, 2900, 
1578, 1478, 1428, 1401, 1361, 1294, 1268, 1238, 1181, 1130, 1090, 1075, 1031, 
930, 848, 808, 745, 735, 705, 610, 480, 462 cm -1 . 
[Ru(L8)(C6H6)PMe2ph](PF6 ) 
[Ru(L8)(C 6 H 6)Cl](PF 6), (50 mg., 0.059 mmole), was dissolved in degassed 
methanol, (30 ml.), and excess PMe 2Ph added. The mixture was gently refluxed 
for an hour before cooling and adding excess NH 4 PF6 in water. The solvent was 
removed on a rotary evaporator and the resulting residue recrystallized from a 
methanol/ether mix to afford a yellow microcrystalline solid. (25 mg., 25%) 
Mol. Wt. 859. (Found: 
226 
C, 33.8; H, 4.33%. CaIc. for C2 4 H 37 F 12 O 3 P3 RuS 2 : C, 33.8; H, 4.33%.) 31 P n.m.r. 
spectrum: singlet 6 = 5.83 p.p.m.. 
[Rh(L8)Cp * (CH3cN) ](Bph4)2 
[Rh(L8)Cp*Cl](BPh4), (20 mg., 0.024 mmole), was dissolved in acetonitrile 
(30 ml.), and excess TIBF 4  added. There was an immediate cloudy precipitate of 
TICI. The mixture was refluxed for 30 minutes to ensure complete removal of 
the chloride and the TICI removed by filtering the solution through celite. 
Excess NaBPh 4, followed by ether, was added to produce a yellow solid. 
(15 mg., 80%) Mol. Wt. 776. (Found: C, 60.5; H, 4.70; N, 1.44% . CaIc. for 
C40H58BN03RhS 2 : C, 61.9; H, 4.74; N, 1.80%.) I.R. Spectrum v(CN) 2280 cm -1 . 
Other bands: 3050, 3000, 2980, 2920, 2870, 1578, 1478, 1428, 1377, 1299, 1250, 
1085, .1035, 845, 735, 705, 610, 535, 521, 470 cm 1 . 
[Rh(L8)Cp *(PEt2Ph)](BPh) 
[Rh(L8)Cp*(CH3CrsJ)](Bph4)2, (20 mg., 0.026 mmole), was dissolved in degassed 
methanol, (30 ml.), and excess PEt 2Ph added. The mixture was gently refluxed 
for an hour, during which time the yellow colour of the solution lightened 
appreciably. The volume of the solution was reduced on a rotary evaporator, 
(ca. 5 ml.), and addition of ether precipitated a yellow solid. This was 
recrystallized from a methanol/methylene chloride mix to afford an orange 
microcrystalline solid. (20 mg., 60%) Mol. Wt. 1295. (Found: C, 69.4; H, 7.05%. 
Calc for C78H90B20 3 PRhS 2 : C, 72.3; H, 7.00%.) 31 P n.m.r. spectrum: doublet 




Selected Bond Lengths(A) with standard deviations for 
[Ru(L8 )(4-MeC6 H4 'P-)Cl J (BPh) 
Ru - 	 Cl 2.3842(11) C(11) -C(12) 1.503( 7) 
Ru - S(1) 2.3810(11) C(12) -0(13) 1.443( 6) 
Ru - S(4) 2.3770(11) 0(13) -C(14) 1.404( 6) 
Ru -C(1R) 2.236( 4) C(14) -C(15) 1.515( 7) 
Ru -C(2R) 2.240( 4) C(15) - Si 1.830( 5) 
Ru -C(3R) 2.222( 4) C(1R) -C(2R) 1.420( 6) 
Ru -C(4R) 2.224( 4) C(2R) -C(3R) 1.365( 5) 
Ru -C(5R) 2.217( 4) C(3R) -C(4R) 1.443( 5) 
Ru -C(6R) 2.177( 4) C(4R) -C(5R) 1.397( 5) 
S(1) - C(2) 1.790( 4) C(5R) -C(6R) 1.405( 5) 
 - C(3) 1.479( 6) C(6R) -C(1R) 1.413( 5) 
 - S(4) 1.840( 5) C(1R) -C(1RS) 1.486( 6) 
S(4) - C(5) 1.839( 5) C(4R) -C(2RS) 1.503( 5) 
C(5) - C(6) 1.495( 7) C(2RS)-C(3RS) 1.530( 7) 
C(6) - 0(7) 1.448( 6) C(2RS)-C(4RS) 1.533( 6) 
0(7) - C(8) 1.410( 6) B -C(11B) 1.728( 5) 
 - C(9) 1.515( 6) B -C(21) 1.713( 5) 
 -0(10) 1.406( 5) B -C(31) 1.656( 5) 
0(10) -C(11) 1.427( 6) B -C(41) 1.649( 5) 
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Table 5.2. 
Selected Angles(') with standard deviations for 
[Ru(L8 ) ( 4-MeC5 H 4 'Pr)Cl I (BPh) 
Cl 	- Ru - S(1) 90.55( 4) S(1) -C(15) -C(14) 115.5(  
Cl 	- Ru - S(4) 91.40( 	4) Ru -C(1R) -C(2R) 71.65(23) 
S(1)- Ru - S(4) 86.07( 4) C(2R) -C(1R) -C(6R) 117.2(  
Ru - S(1)- C(2) 99.70(14) C(2R) -C(1R) -C(1RS) 120.1( 4) 
Ru - S(1)-C(15) 113.60(15) C(6R) -C(1R) -C(1RS) 122.7( 4) 
C(2)- S(1)-C(15) 103.08(20) C(1R) -C(2R) -C(3R) 120.6( 4) 
S(1)- C(2)- C(3) 113.1( 	3) C(2R) -C(3R) -C(4R) 121.7( 3) 
C(2)- C(3)- S(4) 112.1( 	3) C(3R) -C(4R) -C(5R) 118.8( 3) 
Ru - S(4)- C(3) 104.09(15) C(3R) -C(4R) -C(2RS) 119.7( 3) 
Ru - S(4)- C(5) 113.13(17) C(5R) -C(4R) -C(2RS) 121.5( 3) 
C(3)- S(4)- C(5) 102.22(22) C(4R) -C(5R) -C(6R) 118.5( 3) 
S(4)- C(5)- C(6) 116.5( 	4) C(1R) -C(6R) -C(5R) 123.2( 4) 
C(5)- C(6)- 0(7) 108.0( 4) C(4R) -C(2RS)-C(3RS) 107.6( 3) 
C(6)- 0(7)- C(8) 114.3( 3) C(4R) -C(2RS)-C(4RS) 114.4(  
0(7)- C(8)- C(9) 108.1( 	4) C(3RS)-C(2RS)-C(4RS) 112.1(  
C(8)- C(9).-0(10) 107.2( 4) C(I1B)- B -C(21) 110.40(24) 
C(9)-0(10)-C(11) 113.3( 	3) C(11B)- B -C(31) 109.28(24) 
0(10)-C(11)-c(12) 113.3( 	4) C(11B)- B -C(41) 107.06(24) 
C(11)-C(12)-0(13) 108.8( 4) C(21) - 	 B -C(31) 109.20(24) 
C(12)-0(13)-C(14) 114.2( 4) C(21) - 	 B -C(41) 109.50(25) 
0(13)-C(14)-C(15) 111.0( 	4) C(31) - 	 B -C(41) 111.4( 3) 
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Table 5.3. 
Selected Torsion angles( 0 ) with standard deviations for 


































- C(3) -52. 




- S(4) 53.€ 
- Ru -24.7 
- C(5) -142.7 
- C(6) -153.1 
- C(6) -41.8 
- 0(7) 85.8 
- C(8) -167.9 







- S(1) -74.6 
-C(2R) -C(3R) 	0.3 
-C(2R) -C(3R) 179.9 
-C(6R) -C(5R) 	-1.2 
-C(6R) -C(5R) 179.2 
-C(3R) -C(4R) 	0.2' 
-C(4R) -C(5R) 0.1 
-C(4R) -C(2RS)-178.5 
-C(5R) -C(6R) 	-0.9 
-C(5R) -C(6R) 177.7 
-C 2RS)-C(3R) -85.2 
-C 2RS)-C(4RS) 149.6 
-C 2RS)-C(3RS) 96.2 
-C 2RS)-C(4RS) -29.0( 























































































Selected Bond Lengths(A) with standard deviations for 
[Rh(L8)Cp*Cl] (BPh4) 
Rh - 	 Cl 2.3868(11) C(12) -0(13) 1.422 
Rh - S(i) 2.3722(13) 0(13) -C(14) 1.409 
Rh - S(4) 2.3594(12) C(14) -C(15) 1.519 
Rh -C(1R) 2.172( 5) C(15) - Si 1.798 
Rh -C(2R) 2.157( 5) C(1R) -C(2R) 1.417 
Rh -C(3R) 2.163( 5) C(1R) -C(5R) 1.415 
Rh -C(4R) 2.182( 5) C(1R) -C(1RS) 1.505 
Rh -C(5R) 2.156( 5) C(2R) -C(3R) 1.450 
S(1) - C(2) 1.888( 5) C(2R) -C(2RS) 1.495 
 - C(3) 1.441( 7) C(3R) -C(4R) 1.408 
 - S(4) 1.766( 5) C(3R) -C(3RS) 1.500 
S(4) - C(S) 1.801( 5) C(4R) -C(5R) 1.396 
 - C(6) 1.518( 7) C(4R) -C(4RS) 1.497 
 - 0(7) 1.423( 6) C(5R) -C(5RS) 1.509 
0(7) - C(8) 1.412( 7) B -C(11) 1.686 
C(8) - C(9) 1.458( 9) B -C(21) 1.6791 
C(9)-0(10) 1.427( 7) B -C(31) 1.687 
0(10)  1.418( 7) B -C(41) 1.678 
C(11)  1.472( 9) 
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Table 5.5. 
Selected Angles(*) with standard deviations for 
[Rh(L8)Cp*Cl J (BPh) 
Cl 	- Rh - 5(1) 93.58( 4) C(2R)-C(1R)-C(5R) 108.5( 4) 
Cl 	- Rh - S(4) 94.30( 4) C(2R)-C(1R)-C(1R5) 126.4( 4) 
S(1)- Rh - S(4) 86.61( 4) C(5R)-C(1R)-C(1RS) 125.0( 4) 
Rh - 5(1)-. 	C(2) 101.64(16) C(1R)-C(2R)-C(3R) 106.4(  
Rh - S(1)-C(15) 110.26(17) C(1R)-C(2R)-C(2R5) 125.4(  
C(2)- S(1)-C(15) 100.69(23) C(3R)-C(2R)-C(2RS) 128.1( 5) 
S(1)- C(2)- C(3) 111.3( 	4) C(2R).-C(3R)-C(4R) 107.9( 4) 
C(2)- C(3)- S(4) 112.5( 4) C(2R)-C(3R)-C(3RS) 124.4( 5) 
Rh - S(4)- C(3) 102.98(18) C(4R)-C(3R)-C(3RS) 127.6( 5) 
Rh - S(4)- C(5) 112.26(15) C(3R)-C(4R)-C(5R) 108.5( 4) 
C(3)- S(4)- C(5) 105.69(23) C(3R)-C(4R)-C(4RS) 125.7( 5) 
S(4)- C(5)- C(6) 112.8( 	3) C(5R)-C(4R)-C(4RS) 125.8( 5) 
C(5)-. C(6)- 0(7) 110.3( 4) C(1R)-C(5R)-C(4R) 108.6( 4) 
C(6)- 0(7)- C(8) 112.6( 4) C(1R)-C(5R)-C(5RS) 126.0( 4) 
0(7)- C(8)-. C(9) 110.5( 5) C(4R)-C(5R)-C(5RS) 125.0( 4) 
C(8)- C(9)-0(10) 109.7( 5) C(11)- 	B 	-C(21) 108.0( 3) 
C(9)-0(10)-C(11) 113.1( 	4) C(11)- B -C(31) 110.6( 3) 
0(10)-C(11)-C(12) 108.3( 5) C(11)- 	B 	-C(41) 110.7( 3.) 
C(11)-C(12)-0(13) 111.0( 	5) C(21)- B -C(31) 108.8( 3) 
C(12)-0(13)-C(14) 114.3( 4) C(21)- 	B 	-C(41) 110.6( 3) 
0(13)-C(14)-C(15) 111.3( 	4) C(31)- B -C(41) 108.1( 3) 
S(1)-C(15)-C(14) 113.5( 	4) 
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Table 5.6. 
Selected Torsion angles( 0 ) with standard deviations for 
[Rh(L8)Cp*Cl I (BPh) 
Rh - S(1) - C(2) - C(3) -36.7 
C(15) - S(1) - C(2) - C(3) -150.2 
Rh - S(1) -C(15) -C(14) 178.2 
C(2) - S(1) .-C(15) -C(14) -75.0 
5(1) - C(2) - C(3) - S(4) 57.5 
	
C(2) - C(3) - S(4) - Rh 	-47.1 
- C(3) - S(4) - C(5) 70.9 
Rh - S(4) - C(5) - C(6) 166.1 
- S(4) - C(5) - C(6) 	54.6 
S(4) - C(5) - C(6) - 0(7) -83.3 
- C(6) - 0(7) - C(8) -89.4 
- 0(7) - C(8) - C(9) 161.1 
0(7) - C(8) - C(9) -0(10) -74.1 
- C(9) -0(10) .-C(11) -175.4 
-0(10) -C(11) -C(12) 172.8 
0(10) -C(11) -C(12) -0(13) 	74.5 
-C(12) -0(13) -C(14) -152.8 
-0(13) -C(14) -C(15) 	88.7 
0(13) -C(14) -C(15) - S(1) 73.4 
C(5R) -C(1R) -C(2R) -C(3R) 	-2.21 
C(5R) -C(1R) -C(2R) -C(2RS)-178.9 
C(1RS)-C(1R) -C(2R) -C(3R) 175.1 
C(1RS)-C(1R) -C(2R) -C(2RS) -1.7 
C(2R) -C(1R) -C(5R) -C(4R) 2.9 
C(2R) -C(1R) -C(5R) -C(5RS) 176.3 
C(1RS)-C(1R) -C(5R) -C(4R) -174.4( 
C(1RS)-C(1R) -C(5R) -C(5RS) .-1.0( 
C(1R) -C(2R) -C(3R) -C(4R) 0.6( 
C(1R) -C(2R) -C(3R) -C(3RS)-176.0( 
C(2RS)-C(2R) -C(3R) -C(4R) 177.3( 
C(2RS)-C(2R)-C(3R) -C(3RS) 0.7( 
C(2R) -C(3R) -C(4R) -C(5R) 1.1( 
C(2R) -C(3R) -C(4R) -C(4RS)-177.2( 
C(3RS)-C(3R) -C(4R) -C(5R) 177.7( 
C(3RS)-C(3R) -C(4R) -C(4RS) -0.7( 
C(3R) -C(4R) -C(5R) -C(1R) -2.5( 
C(3R) -C(4R) -C(5R) -C(5RS)-176.0( 
C(4RS)-C(4R) -C(5R) -C(1R) 175.9( 
C(4RS)-C(4R) -C(5R) -C(5RS) 2.4( 
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CD3CN 1.72 (S, C5Me 5 ) 
CD3CN 5.79, 5.55 	(HAHB 13 Hz, 
J 6.5 Hz), 	2.12 	(S, Me), 
1.25 (d, CHMe 2 ,J 7 Hz) 
CD3CN 5.93 (S, C6 H6 ) 
CDCN 2.05 (5, C6Me6 ) 
CD3CN 6.20, 6.03 	(HAHB 13 Hz, 
J 6 	Hz), 2.12 	(s, 	Me), 
1.21 (d, CHMe 2 , J 7 Hz) 
2.3-4.1 (m,CH2 ) 
2.2-4.2 (m, CH2 ) 
2.5-4.0 (m, CH 2 ) 
2.2-4.2 (m, CR 2 ) 
2.2-4.2 (m, CH 2 ) 
Table 5.7 	'H n.m.r. Data for Complexes formed with L 8 
Complex 	 Solvent Carbocycljc Ring 	 Macrocyclic Ligand 
(BPh4) 	 CDCN 	1.69 (S, C5Me5) 	 2.2-4.1 (m, CH 2 ) 
[Ir(L 8 )Cp CP] (BPh 4 ) 
[Ru(L 8 ) 
( 4 -MeC6 H4 1pr)] (BPh 4 ) 
[Ru(L 8 ) ( C6 H6 )cp] (BPh4 ) 
[Ru(L 8 ) ( C6Me 6 )Cp] (BPh4 ) 
[Os(L 8 ) ( 4-MeC6 H4 1pr)Cp] (BPh4 ) 
Chemical shifts referenced to residual proton resonances of CD 3CN, (6 = 1.93 p.p.m.). 
(BPh4 ) resonances observed between 6 = 6.8 - 7.5 p.p.m. 
Table 5.8 	' 3 C n.m.r. Data for Complexes formed with L 8 
6(p.p.m.) 
Complex 	 Solvent 	Carbocyclic Ring 	 Macrocyclic Ligand 
(Ru(L 8 ) (4-MeC6 H4 1pr)] (BPh 4 ) 	CD3CN 	16.42(C1R),20.79(c3RSC4RS) 	31.98(c2,c3), 35.10 
29.88 (C2RS) , 86.40(c3R,c5R) 
87.65(C2R,c6R)•. 
[Os(L8)(4_MeC6H41pr)](p) 	d 6 -dmso 	16.71 (C1RS), 21.92(C3RS,C4R5), 
30.42 (C2RS) , 79.20(C3R,c5R) 
81.21 (C2R,C6R). 
(Bph4 ) 	 CD3CN 	7.72 (C1-5RS) 
[Ir(L8)Cp*cp} (BPh 4 ) 	 CD3CN 	7.10 (C1-5R5) 
Chemical shifts measured in CD 3 CN (ó = -0.2 p.p.m.), d6-dmso (S = 39.6 p.p.m.) were 
referenced to the residual carbon resonances of the respective solvents. 
(BPh4 ) resonances observed at 6 = 121.24, 135.48 p.p.m. 
(C5,C15), 68.26(C6,c14) 
69.28(c8,C9,C11 ,C12) 
31 .25(C2,C3) , 36.14 
(C5,.C15) , 68.05(C6,c14) 
69.40(C8,c12), 69.57 
(C9,C11) 
32.48 (C2,C3) , 35.34 
(C5,C15) , 68.81 (C6,C14) 
(69.36 (C8,C9,C11,C12) 
31.17(C2,C3), 35.81 
(C5,C15) , 68.20(C6,c4) 
69.38 (C8,C9,C1i,C12) 









e.s.r. electron spin resonance 
Hz hertz 
I.R. infra red 
Me methyl 
n.m.r. nuclear magnetic resonance 
p-cym p-cymene, 4-MeC 6 H 4 1 Pr 
Ph phenyl 
phen 1, 10-phenanthrol I ne 
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Carbocyclic Complexes Incorporating Macrocyclic Ligands. The Synthesis and Single 
Crystal X-Ray Structure of the Binuclear Species [Rh2(ti-05Me5)2C12(L)](BPh 4 )2 (L = 
1,4,7,10,13,1 6-hexathiacyclo-octadecane) 
Michael N. Bell, Alexander J. Blake, Martin Schroder,* and T. Anthony Stephensont 
Department of Chemistry, University of Edinburgh, West Mains Road, Edinburgh EH9 3JJ, Scotland, U.K. 
The isoeleptronic binuclear arene and C 5 1VIe 5 platinum metal complexes [Rh2(i1C 5Me5 ) 20 2 (1)] 2+ and 
[M 20 2 (arene) 2 (1)] 2 (M = Ru, arene = C 6H6 or 4-MeC6 1-1 4Pr; M = Os, àrene = 4-MeC 6 1-1 4Pr') [(1) = 
1,4,7,10,13,16-hexathiacyclo-octadecane] have been synthesised; the single crystal X-ray structure of 
[Rh2(i -05Me5)2C12(1)](BPh4)2 shows a centrosymmetric structure with each Rh" ion bound to two sulphur donor 
atoms of the hexathia ligand [Rh-S 2.377(1) and 2.365(1) A], one Cl - [Rh-Cl 2.387(1)A], and the C 5 Me5 ring (mean 
Rh-C 2.173 A). 
Reprinted from the Journal of The Chemical Society 
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Carbocyclic Complexes Incorporating Macrocyclic Ligands. The Synthesis and Single 
Crystal X-Ray Structure of the Binuclear Species [Rh 2(11-05Me5 )2C12(L)](BPh4 )2 (L = 
1,4,7,10,13,1 6-hexathiacyclo-octadecane) 
Michael N. Belt, Alexander J. Blake, Martin S ch röder,* and T. Anthony Stephensont 
Department of Chemistry, University of Edinburgh, West Mains Road, Edinburgh EH9 3JJ, Scotland, U.K. 
The isoelectronic binuclear arene and C 5 Me5  platinum metal complexes [Rh2(r-05Me5)2Cl20) 1 2 and 
[M 20 2(arene) 2 (1)] 2  (M = Ru, arene = C 6 H 6 or 4-MeC04Pr'; M = Os, arene = 4-MeC04Pr') [(1) = 
1,4,7,10,13,16-hexathiacyclo-octadecane] have been synthesised; the single crystal X-ray structure of 
[Rh2(1-05Me5)2Cl2(1)](BPh4)2 shows a centrosymmetric structure with each Rh" ion bound to two sulphur donor 
atoms of the hexathia ligand [Rh-S 2.377(1) and 2.365(1)A1, one Cl - [Rh-Cl 2.387(1)A], and the C 5Me5- ring (mean 
Rh-C 2.173 A). 
The generation of bi- and poly-nuclear metal macrocyclic 
complexes is of importance in the modelling of biological 
systems,' the study of metal-metal interactions, 2 and the 
activation of small molecules. 3 Recently, we have shown 4 that 
the hexadentate ligand 1,4,7,10,13 ,16-hexathiacyclo-octa-
decane (1) is an effective binucleating agent, complexing two 
copper(i) ions via facial co-ordination of (1) to each tetrahed-
ral copper(i) centre in [Cu 2(1)(NCMe) 2](C104)2. 
In an attempt to synthesise further examples of binuclear 
macrocyclic complexes but involving the platinum group 
metals, we have examined the reactions of the isoelectronic 
[Rh(1-05Me5)C12]2 and [MCI 2(arene)]2 (M = Ru or Os) 
compounds with (I). We report herein the results of these 
studies and, in particular, the X-ray structural analysis of the 
binuclear species [Rh 2(-05Me5)2Cl2(1)](BPh4)2 (2), which 
represents one of the first examples of a metal complex 
incorporating both macrocyclic and delocalised carbocyclic 
rings4 
Reaction of [Rh(i-05Me5)Cl212 with 1 mol. equiv. of (1) in 
refluxing dry methanol for 2 h yields a dark orange solution. 
Addition of excess of NaBPh 4  gives a solid product which on 
recrystallisation from nitromethane-diethyl ether yields 
orange crystals of (2) in 70% yield,§ the crystal structure of 
which has been determined.T 
The structure of (2) (Figure 1) shows a centrosymmetric 
t Deceased. 
Very recently, Stoddart et al. have reported a first-sphere co-
ordinated binuclear Rh-cyclo-octadiene complex incorporating a 
diazatetraoxo macrocycle . 
§ These complexes have been fully characterised by 'H and 13C n.m.r. 
spectroscopy, analytical, and conductiometric measurements. 
¶ Crystal Data: [C32H54 C12S6Rh2] 2 2C2 1­12013 - , M = 1546.3, tri-
clinic, space group P1, a = 11.5867(22), b = 11.7095(20), C = 
14.2547(18) A, a = 87.844(13), 3 = 85.505(13),y = 79.054(15)°; U = 
1892.5 A, D, = 1.357 g cm -3 , Z = 1, 4933 data measured to 0 = 
22.5°, refinement based on 4298 data with F 6.0o(fl. At 
convergence R, & = 0.0310, 0.0430 respectively for 377 parameters. 
For structure solution, a Patterson synthesis yielded the Rh position 
and successive least-squares cycles and difference Fourier syntheses 
revealed the remaining atomic positions. 6 For refinement, 6 the 
macrocycle methylene hydrogens were included in fixed, calculated 
positions while the C 5Me5  methyl groups were treated as rigid groups. 
At convergence, the difference. electron density map showed no 
feature above 0.49 e A. The atomic co-ordinates for this work are 
available on request from the Director of the Cambridge Crystallo-
graphic Data Centre, University Chemical Laboratory, Lensfield 
Rd., Cambridge C132 1EW. Any request should be accompanied by 
the full literature citation for this communication. 
cfls  
(1) 
Figure 1. Single crystal X-ray structure of (2); bond lengths (A) and 
angles (°) around rhodium: Rh-C1, 2.3869(9); Rh-C(1), 2.176(4); 
Rh-C(2), 2.167(4); Rh-C(3), 2.188(4); Rh-C(4), 2.173(4); Rh-C(5), 
2.161(4); Rh-S(1), 2.3766(9); Rh-S(2), 2.3645(9); Cl-Rh-S(1) 
94.79(3); Cl-Rh-S(2) 91.70(3); 5(1)-Rh-S(2) 87.04(3). 
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cation with each Rh" ion bound to two sulphur donor atoms 
of (1), a chloride ion, and the C 5Me5 ring. The Rh ions are 
bound exo to the macrocycle; similar exo binding has been 
observed in binuclear niobium 7 and mercury8 complexes 
of 1,4,8,11-tetrathiacyëlotetradecane. We have prepared also 
the isoelectronic binuclear cations [Ru 2C12(arene) 2 (1)] 2+ 
(arene = C6H6 or 4-MeC6H4Pr') and [Os2Cl2 (4-
MeC6H4Pr)2(1)] 2+ by reaction of (1) with the appropriate 
chloro-bridged carbocyclic dimer. 
Preliminary studies indicate that these binuclear com-
pounds undergo a variety of interesting reactions. These 
include abstraction of terminal Cl - by Tl to generate sol-
vated species [Rh2(i-05Me5 )2(1)(solv.) 21 4 and [[M2(arene) 2-
(1)(solv.) 2 1 4+ (solv. = MeCN or Me2CO) which will bind 
Lewis bases via solvent displacement, and undergo co-
ordination of unbound sulphur atoms to other metal frag-
ments such as AuPR 3 , and for the Ru and Os complexes, 
addition of nucleophiles to the co-ordinated arene rings to 
yield substitutedq 5-cyclohexadienyl products. 
Related studies using the tridentate macrocycles 1,4,7-
trithiacyclononane and 1,4,7-tnazacyclononane (L) reveal 
that mixed monomeric cations [M(arene)L] 2+ and 
[Rh(C5Me5)L] 2 + are obtained. 
We thank the University of Edinburgh (M.N.B.) and the 
S.E.R.C. for support, and Johnson-Matthey PLC for gene-
rous loans of platinum metals. 
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The complex cation [Ru(1) 2]211 could be prepared by 
reaction of RuC1 3 61­1 20 with an excess of 1 in Me 2 SO at 
elevated temperatures, [4)  or by reaction of [RuCl 2(C6 1-1 6)12 
with an excess of I in methanol at room temperature. 131 
Recrystallization of the complex in Me 2 SO in the presence 
of NaBPh4 yielded white crystals of 2, the X-ray crystal 
structure of which was undertaken.t 51 
[Ru( I )2l(BPh4)2  2 Me2SO 2 
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Fig. I. Crystal structure of the cation and the coordinated Me 2SO molecule 
in 2. Bond lengths IAI and angles 101 around ruthenium: Ru-SI 2.3272(14), 
Ru-S4 2.3357(14), Ru-Si 2.3331(14); Sl-Ru-S4 87.87(5), Sl-Ru-S7 88.09(5), 
S4-Ru-S7 88.26(5). There is no significant interaction between the BPh ions 
and the cation or the solvent molecules. - 
Synthesis and Crystal Structure of the Homoleptic 
Thioether Ruthenium Complex 
I Ru(l,4,7-trithiacyclononane) 2J(BPh4)2  -2 Me2SO* * 
By Michael N. Bell, Alexander J. Blake, Martin Schröder, * 
Heinz-Joseph Kuppers, and Karl Wieghardt* 
Several recent reports have focused on the binding of 
1,4,7-trithiacyclononane I to transition-metal ions. 3' Of 
particular interest have been the stereochemical and elec-
tronic effects of the homoleptic coordination of six sulfur 
atoms to these metal centers. As a continuation of this 
work, we have been investigating the coordination and re-
dox chemistry of I with the platinum metals and report 
herein the synthesis, the single-crystal X-ray structure 
analysis, and the redox properties of the highly stable bis-
sandwich ruthenium(ii) complex [Ru(1)2] 28 . 
C5 __) 1 
S 	5 
El Dr. M. Schröder, M. N. Bell, Dr. A. J. Blake 
Department of Chemistry, University of Edinburgh 
West Mains Road. Edinburgh EH9 3JJ (Scotland) 
Prof. Dr. K. Wieghardt, Dipl.-Chem. H.-J. KUppers 
Lehrstuhl für Anorganische Chemie I der liniversitat 
Posifach 102148, D-4630 Bochum (FRG) 
["1 We thank the University of Edinburgh (M. N. B.). the Science and Engi-
neering Research Council (UK), and the Fonds der Chemischen Indus-
Inc for support and Johnson-Matthey for generous loans of platinum 
metals. 
The structure analysis (Fig. 1) shows a centrosymmetric 
cation with the Ru ion at the inversion center of the mol-
ecule; the sulfur macrocycles are each bound to the Ru 
center to give an overall octahedral stereochemistry. Only 
one of the possible conformers is present in the crystal. 
The two mole equivalents of Me 2 SO present in the crystal 
lattice are well ordered and have full site occupancy. The 
oxygen atoms of the Me 2 SO solvates are slightly closer 
to S4 than to SI or S7 and each approaches the outer 
face of a coordinated sulfur ligand [0... H3=2.20](8), 
0. H6=2.419(8), 0... H9=2.790(8), O H5=3.291(8) 
A]. This supplementary interaction is particularly intrigu-
ing since it suggests that inclusion of Me 2SO is occurring 
into the rear cone/cavity formed by I on coordination to 
the metal center (Fig. 2). This is supported by the observa-
tion that each Me 2SO molecule can be replaced by a 
CH3CN or CH 3 NO2 molecule on recrystallization from 
these solvents. 
------ - 
IRu(1) 2 l 2® 	 Me2SO 
Fig. 2. Space-filling model of [Ru( 1) 2 ] 21 showing interactions with two mol-
ecules of Me 1 SO. 
[Ru(1) 2]2e represents the first example of homoleptic 
thioether coordination to ruthenium and is therefore an 
important compound with which to probe the electronic 
properties of thioether ligands in general. [Ru(1) 2] 21 is 
electrochemically inactive between —2.2 and + 1.3 V vs. 
Cp2 Fe/Cp 2 Fe 0 (Cp= 5-05 H 5). Cyclic voltammetry in 
dried CI-I 3CN at platinum electrodes shows a quasi-revers-
ible oxidation at E 112 = + 1.41 V (iE=95 mV, scan 
250 	© VCH Verlagsgesellschoft mbH. D-6940 Weinheim, 1987 	0570-083318710303-0250 $ 02.5010 	Angew. Chem. In:. Ed. Engl. 26 (1987) No. 3 
rate= 100 mV s), which we tentatively assign to a Ru"/ 
Ru" redox couple, although oxidation of the ligand at 
these potentials cannot be ruled out. An irreversible reduc-
tion is also observed at E., = -2.25 V, leading to the 
breakdown of the complex, presumably via an unstable 
Ru t intermediate. The free ligand thereby released can be 
detected on the return scan as an irreversible oxidation at 
+0.98 V. The high redox stability of[Ru(1) 2 ] 2® is remark-
able and reflects a matching of stereochemical and elec-
tronic features of the macrocyclic ligands with those of d 6 
Ru" (Table I). 
Table I. Voltammetric data for the bis-sandwich complexes lM(L)2l' ° , 
NI = Fe. Ru. 
L 	 Fe/Fe' 	 Ru/Ru3° 
TACN lal 	 +0.13 V 191 	 +0.37 V 1101 
I IbI 	 +0.98 V 121 + 1.41 V 
[a] vs. the normal hydrogen electrode in aqueous solution: TACN= 1,4,7-
triazacyclononane. [bI vs. Cp.Fe/Cp 2 Fe 5 in CH 3 CN. 
We have also prepared the analogous osmium complex 
[Os( I )2]2e  by reaction of [OsCl 2(arene)] 2 with an excess of 
1. 131 The ruthenium complex [Ru(1)(Me 2 S0) 2C1) 0  can be 
prepared by reaction of RuC1 3 .2 H 20 with one equivalent 
of I in Me 2 S0. 161 We are currently investigating the synthe-
sis of I :.l platinum-metal complexes of I and related tri-
dentate macrocycles and the incorporation of organic and 
small molecule ligands. 
Experimental Procedure 
lRu( 1 (.l(Cl0. 	11,0: RuCl -6 H 20 (0.1g, 0.32 mmol) was dissolved in 
Nle.S0 115 mL) at 200°C. The solution was concentrated to 7 mL and cooled 
to 20°C. and I (0.22g. 1.2 mmol) was added. The reaction mixture was 
heated to 140°C for 3 h: on cooling to room temperature a white solid preci-
pitated. This product was dissolved in water and recrystallized by addition of 
NaClO to give [Ru( 1).l(C1042  H.0. Correct elemental analyses (C.H,S). 
2: lRuClACH)l2 (0.05g. 0.1 mmol) was treated with 1(0.08 g, 0.44 mmol) in 
methanol (IS mL) for 30 min at 20°C. Addition of NaBPh afforded a white 
precipitate, which was recrystallized from Me 2SO to give 2 in 60% yield. 
Correct elemental analyses (C.H). Recrystallization from CH 3CN or 
CH-,NO , afforded crystals of the corresponding disolvate. Correct elemental 
analyses (Cl-IN). The presence of two equivalents of solvent was confirmed 
also by H.NMR and infrared spectroscopy. 
[Ru( 1)(Nle.S0)2Cl1(PF,j: RuC1 3 -2 H 20 (0.25g. 1.01 mmol) was dissolved in 
Me.S0 (20 mL) and the solution was heated to 160°C for 1.5 h. To the 
cooled solution was added 1 (0.198, 1.05 mmol) and the reaction mixture 
heated to 60°C for 2 h. To the resulting yellow solution was added NaPF 
and after several days yellow crystals of [Ru( I )( MeS0) 2ClJ(PF) had preci-
pitated. Correct elemental analysis (C,I1,S). 
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1 4 1 lRu( I)2l(Cl042 H.0 Electronic spectrum: A,,,,(e) = 341 (160), 293 
(183). 220 nm (20040m ­  cm'): 'H-NMR (80 MHz, 293K) in 
lDlMe2SO: 5=2.90(s): in 0.0: 5=2.78 (s). 
(5) Crystal data of 2: monoclinic, space group P21c, a= 14.134(3), 
6=11.0963(19), c= 19.743(4)A, fl=94.497(16)°, V=3087 A'. Z=2, 
= 1.315 gem'. 3762 data measured to 6=22.5°. Refinement based 
on 2936 data with F6.0(7(F). R=0.043l, R. =0.0590 for 322 parame- 
ters. Structure solution: The ruthenium atom lies on a special position 
'/r. 0. A), a center of inversion, and from this starting point DIRDIF 171 
located all remaining non-solvent and non-hydrogen atoms. Successive 
least-squares cycles and difference Fourier syntheses 181  yielded the po-
sitions of the solvent atoms. For refinement 181 the methylene hydrogens 
were included at fixed, calculated positions and the methyl groups of 
the solvent were treated as rigid groups. The molecules of Me 2 SO were 
completely ordered, with full site occupancy. Further details of the crys-
tal structure investigation may be obtained from the Director of the 
Cambridge Crystallographic Data Centre, University Chemical Labora-
tory, Lensfield Road, Cambridge CB2 I EW (England), upon quoting the 
journal citation. 
[61 lRu( I )(MeS0(.Cll(PF): lR: 	[cm - '1=1070-1080 v(S=0), 1020 
v(Ru-O) in addition to bands for I and PF. Electronic spectrum: 
(450), 307 nm (428 m - ' cm - ').  
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University of Cambridge, England 1976. 
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TRANSITION METAL COMPLEXES OF HOMOLEPTIC POLYTHIA CROWNS 
M.N. Bell, A.J. Blake, R.O. Gould, A.J. Holder, T.I. Hyde, 
A.J. Lavery, G. Reid and M. Schrbder* 
Department of Chemistry, 
University of Edinburgh, 
West Mains Road, 
Edinburgh E}19 3JJ, 
Scotland. 
The binding of transition metal ions to polydentate macrocyclic 
ligands to give mono-, bi- and poly-nuclear complexes is well known. 
-We have been Investigating the complexàtion of transition metal ions, 
particularly those of the platinum group metals, by the hoinoleptic 
polythia crown ligands 1 . 4,7,10,13,16-hexathiacyclooctadecafle (0), 1,4,8, ll -tetrathjacyciotetradece (L 2 ) and 1,4, 7-trlthiacyclononane (0). These ligands were attractive since they would be expected to 
bind effectively to the relatively soft second and third row metal 
ions and lead to the formation of complexes exhibiting unusual 
stereochemical, electronic and redox properties. 
/-\ 
	
ss 	ifl C -; ) 
Cs si 	 • 	 : S S Li 
(0) 	 (0) 	 (0) 
It was shown originally by Black and coworkers (Tet. Lett. 1969, 
3961) that the potentially hexadentate ligand (L 1 ) (the thia analogue 
of 18-crown{6]) could readily encapsulate first row transition metal 
ions such as Ni 2 and CO2  in an octahedral manner. The ability of (0) to act as a binucleating ligand had not however been 
demonstrated. We therefore initiated a study on the reactivity of (L 1 ) 
with a variety of metal substrates with a view to investigating its 
coordination to polyinetalije centres. 
169 
170 	 M. N. BELL ET AL. 
Reaction of (0) with two molar equivalents of [Cu(NCCH3) 4 )' 
gave the di-copper(I) complex [Cu2(L1)(NCCH3)2)2 (fl; the single 
crystal X-ray structure of (1) shows each tetrahedral copper(I) ion 
bound to three thia donors of (0), Cu-S = 2.32-2.34A, and one 
molecule of CH3CN, Cu-N = 1.94A, with a Cu. .Cu distance of 4.25A. 
Treatment of the isoelectronic, carbocyclic dimers [M(cp*)C12]2 
(M = Rh, Ir) and [MC12(arene)] 2 (M = Ru, Os; arene = p-cymene, 
hexamethylbenzene, benzene) with (0) affords the binuclear species 
[M2(cp*)2C12(Ll)] 2+ and [M2C12(arene)2(L 1 )] 2' respectively. The 
single crystal X-ray structure of the di-rhodium(III) product 
[Rh2(cp*)2C12(Ll)} 2+ () shows the metal ions bound to only two of the 
thia donors of (L) with Rh-s =2.377, 2.365, Rh-Cl = 2.387, 
Rh-C = 2.161-2.188A. 
(1) 	 (?) 
A series of mononuclear platinum metal complexes have also been 
prepared. 
Reaction of PdC1 2 or PtC12 with (L) gave 1:1 complexes 
[M(L 1 )] 2 ' (M = Pd, Pt) (u). The crystal structure analyses of these 
complexes confirm square planar coordination of the metal Eons to four 
thia donors of (L) (Pd-S = 2.309, Pt-S = 2.296A) with the two 
remaining sulphur donors of (0) being essentially non-bonded (Pd-S' = 
3.273, Pt-S' = 3.380A; <S'PdS = 75.1, 104.9', <5'PtS = 74.2', 
104.8). The dangling thia donors 5' are therefore unable to complete 
octahedral coordination around Pd(II) and Pt(II) due to the relatively 
large radii of these metal ions. 
(3) 
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The small ring trithia macrocycle (0) has been shown to bind to 
first row transition metal ions in a facial manner. Thus 
bis-macrocyclic species of type [M(L 3 ) 2 ] 2 (M = Co(II), Ni(II), 
Cu(II)) have been generated previously and shown to have octahedral 
MS6 stereochemistries (Glass and coworkers, Inoz-g. Chem., 1983, 22, 
266). Reaction of (0) with PdCl2 and PtC12 in 	2:1 molar ratio 
yielded complex cations of stoichiometry [M(L 3 ) 2 ] 2 ; their structural 
and redox properties were assessed. 
The single crystal X-ray structure of [Pt(L 3 ) 2 ) 2  (4) shows the 
complex to have an unusual square-based pyramidal stereochemistry. The 
Pt(II) ion is coordinated by four thia donors in a square plane, 
Pt-S = 2.25-2.30A, with one of the remaining sulphur ligands bound. 
apically Pt-S' = 2.88A, <SPtS' = 84.0-97.2. The sixth thia donor is 
not coordinated to the metal centre, Pt. .S'' = 4.04A.. In contrast to 
the yellow Pt(II) Complex (4), -the isoelectronic Pd(II) species 
[Pd(L3 ) 2 ] 2  () is green and not isostructural. The crystal structure 
of () shows the centrosymmetric cation to have an unexpected 
distorted octahedral stereochemistry around Pd(II) with 
PdSequ = 2.332, 2.311 and Pd -S3 = 2.952A. 
	
(4) 	 () 
The complexes (4) and () each show, by cyclic voltammetry, 
one, one electron oxidation at E % = +0.39V. &E = 145mV. and 
E% = +0.605V. AE = 84mV. vs. Fc/Pc respectively in CH3CN at platinum 
electrodes. Controlled potential electrolysis of the complexes at 
+0.5V. and +0.7V. respectively at a platinum gauze affords the 
corresponding oxidation products [M(L 3 ) 2 ] 3 which have been identified 
by esr spectroscopy as formally metal(III) species; g1 = 1.987, g 1 = 2.044, A 1 = 85G. A1 = 30G ( 195Pt, I=3, 33.8%) for [Pt(L 3 ) 2 ) 3 , g 1 = 2.009, g1 = 2.049, A l 	5G. A1 = 20G ( 105Pd, I= 	22.2%) for 
[Pd(L3 ) 2 ] 3 . Interestingly, the Pd(II) and Pt(II) complexes of (L) 
and (0), ((3) and (6)), show no oxidative redox processes by cyclic 
voltammetry in CH 3CN. The electrochemical inactivity of these latter 
species may be rationalised by the inability of the nacrocycles (0) and (L 2 ) to form octahedral complexes with Pd and Pt centres. The 
ligand (0) may be regarded as being too small to fully encapsulate 
octahedrally the relatively large Pd(II) and Pt(II) ions. (L 2 ) would 
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be expected to bind equatorially to give square planar complexes; this 
has been confirmed by the single crystal X-ray structure of [Pd(L 2 )] 2 
(b); Pd-s = 2.23-2.33A. By contrast, coordination of two molecules of 
(0) to Pd(II) and Pt(II) enables a preferred (distorted) octahedral 
stereochemistry to be achieved on oxidation to the metal(III) species. 
The coordinative flexibility of (0) in this system appears therefore 
to be crucial in s'tabilising the d 7 metal centre. In addition, the.. 
positive charge in [M(L 3 )2] 3 would be expected to be stabilised 
further by delocalisation onto the thia ligands. The extent of 
positive charge on the thia donors is currently being assessed. 
Pd 
() 	 (7) 
The homoleptic hexathia complexes [Rh(L3 ) 2 ] 3 and [Ru(L3 )2] 2 
have also been synthesised. The single crystal X-ray structures of 
these products confirm their octahedral stereochemistries with 
Rh-s = 2.330, 2.332; Ru-S = 2.327-2.336A. An unexpected feature of the 
structure of (Ru(L3 )2](BPh4)2.2dmso (7) is the approach of the dmso 
solvate molecules towards the outer face of the coordinated trithia 
ligands. This occurs via H-bonding of the 0-donor of the dmso solvates 
with the protons of the methylene groups of (0), 0.. .11 = 2.201, 
2.419, 2.790, 3.291A. This secondary interaction between the dmso 
molecules with the rear cone/cavity of the coordinated trithia ligand 
may be regarded as a weak inclusion of solvent; this is supported by 
the observation that dmso may be replaced by two molecules of other 
donor solvents such as CH3CN and CH3NO2. The development of related 
systems incorporating larger and deeper cavities is under 
investigation. 
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